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ABSTRACT 
Surface-Enhanced Raman Spectroscopy-Based Biomarker Detection for B-cell Malignancies 
by 
Nathan Israelsen, Master of Science 
Utah State University, 2015 
 
Major Professor: Dr. Elizabeth Vargis 
Department: Biological Engineering 
 
This thesis presents a light scattering-based method for biomarker detection, which 
could potentially be used for the quantification of multiple biomarkers specific to B-cell 
malignancies. This method uses fabricated gold nanoparticle probes to amplify inelastic light 
scattering in a process referred to as surface-enhanced Raman scattering. These gold 
nanoparticle probes were conjugated to antibodies for specific and targeted molecular binding. 
The spectrum of the amplified inelastic light scattering was detected using a spectrometer and a 
detector. To detect the light scattering signal from the gold nanoparticle probes, several 
commercial Raman spectrometer instruments were evaluated. Initial results from these 
evaluations are presented in this thesis. After system evaluation, a custom Raman microscope 
system was designed, built, and tested. This system was used for the development of a surface-
enhanced Raman spectroscopy-based immunoassay. The development of this assay confirms 
the successful design of gold nanoparticle probes for the specific targeting and detection of 
immunoglobulins. The immunoassay also shows promise for the simultaneous detection of 
multiple biomarkers specific to B-cell malignancies. 
(132 pages) 
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PUBLIC ABSTRACT 
Surface-Enhanced Raman Spectroscopy-Based Biomarker Detection for B-cell Malignancies 
Nathan Israelsen 
 
 B-cells are responsible for the production of antibodies and the recognition of 
dangerous pathogens. When B-cells become cancerous, they no longer perform these vital 
functions. This reduced B-cell activity results in greater susceptibility to opportunistic infections 
and increasing health risks. To effectively care for different cancer subtypes, targeted diagnosis 
and treatment is required. To determine the specific B-cell cancer type, up to twenty different 
cancer biomarkers on the cell surface need to be detected at the same time. Traditional 
methods are not capable of detecting such a large number of biomarkers simultaneously. This 
paper presents the design of a system for biomarker detection, which could be applied to the 
quantification of multiple B-cell biomarkers. This system uses a near-infrared laser to excite gold 
nanoparticles bound to the biomarkers. The system then detects light scattered off the particles 
to determine the concentration of biomarkers in the sample. With this method, it is possible to 
detect multiple biomarkers simultaneously. This method has the potential to increase the 
accuracy of B-cell cancer diagnosis and improve cancer prognosis through targeted cancer 
treatment. 
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation and Scope 
B-cell malignancies include cancers such as leukemia, lymphoma, myeloma, and other 
lymphoproliferative disorders. B-cell cancer is particularly devastating because it causes 
uncontrolled cell growth and metastasis, and compromises the humoral immune system. This 
immunodeficiency can reduce the body’s response to the cancer and promote opportunistic 
infections [1]. B-cell non-Hodgkin lymphoma (NHL) is one of the most prevalent cancer types in 
the United States comprising 4% of all new cancer cases from the years of 2007-2011 [2]. The 
age-adjusted incidence rate for NHL has been rising on average 0.5% each year from 2002-2011 
[2]. Survival rates and prognosis can vary widely depending on the malignancy classification. For 
example, one study showed that the five-year survival rate for aggressive NHL ranged from 26% 
to 73% depending on the NHL subtype [3]. With such variability in prognosis, an effective 
method for targeted diagnosis and treatment of B-cell malignancies is needed.  
One factor that makes the treatment of NHL and other B-cell malignancies difficult is the 
great diversity manifest in the disease pathology. B-cell malignancies are categorized into a 
variety of subtypes, and in many cases, each subtype must be treated using a different method 
for a successful outcome [4]. To determine the specific subtype, antibodies with fluorescent 
labels (fluorescent probes) are used to identify cell biomarkers. By using a variety of different 
probes, multiple biomarkers can be assayed simultaneously (multiplexed). This multiplex 
biomarker profile provides the necessary information for pathologists to subclassify the cells 
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and recommend an appropriate treatment. Due to the limited number of fluorescent probes 
that can be assayed simultaneously, this process is often difficult and time-consuming.  
This research seeks to increase the number of biomarkers that can be assayed 
simultaneously to improve the efficiency and effectiveness of B-cell malignancy classification 
and biomarker targeting. To do this a new class of optical probe was used, referred to as 
surface-enhanced Raman scattering (SERS) probes. SERS probes can be efficiently used for 
multiplex biomarker classification because they have very narrow spectral profiles and they rely 
on a light scattering process rather than on fluorescence. 
  SERS probes are composed of nanoscale gold or silver particles that have reporter 
molecules, encased in a protective polymer, attached to their surface. As light interacts with the 
probe, the reporter molecules on the surface are promoted to a higher vibrational state. The 
vibrational changes, which occur within the molecules, cause a portion of the light to shift 
wavelengths as it is scattered. This process is referred to as Raman scattering. Raman scattering 
by these gold or silver nanoparticles can be used for very sensitive optical measurements. In 
fact, nanoparticle-based SERS has been used for single molecule detection [5–10].  
 The polymer on the surface of the nanoparticle prevents particle aggregation and 
enables a stable optical response, even in solutions with high ionic strength or extreme pH [11]. 
A commonly used polymer for protecting the nanoparticle surface is polyethylene glycol (PEG) 
[11–16]. PEG is biocompatible [12, 17, 18] and resists non-specific protein adsorption [19, 20]. 
Because of this, PEG coated SERS probes have been used for in vivo imaging and detection [21, 
22]. Additionally, PEG can be easily conjugated to antibodies to enable specific multiplex 
biomarker targeting. Figure 1.1 shows an illustration of a SERS probe nanoparticle in comparison 
to traditional fluorescent probes. 
3 
 
The use of SERS probes, as opposed to the more traditional fluorescent probes, provides 
several advantages. First, the spectral profile of SERS probes is narrow (see Figure 1.1), enabling 
more probes to be assayed simultaneously [23]. Second, fluorescent probes require a specific 
laser wavelength, filter set, and detector. In comparison, SERS probes can be excited with a 
variety of laser wavelengths and require only one detector [24]. Third, SERS probes are stable in 
solutions of extreme pH and high ionic strength [25]. This stability enables in vivo cancer 
targeting and the detection of antigen molecules in their native environment using current 
methods [21, 22]. Fourth, SERS probes are more resistant to photobleaching than traditional 
fluorescent probes [26]. Finally, SERS probes can be optimized to produce enormous Raman 
scattering enhancement [27]. 
 
 
 
 Figure 1.1 Fluorescent Probes and SERS Probes Used For Targeted Biomarker 
 Detection. SERS probes, although much larger than traditional fluorescent probes, have 
 several  advantages including, reduced photobleaching, use with multiple excitation 
 sources, narrow spectral profile, increased stability, and high sensitivity. 
 
4 
 
1.2 Organization 
This thesis describes methods for the development and detection of SERS probes for the 
targeting of biomarkers, with potential applications for the detection of multiple B-cell 
biomarkers. Chapter 2 provides a background and literature review of material related to B-cell 
malignancies, multiple biomarker analysis, and Raman spectroscopy. It also discusses the unique 
light scattering properties of nanoparticles and how this is helpful for Raman scattering 
enhancement.  
Chapter 3 covers the evaluation and selection of a Raman microscope system for SERS- 
based measurements. Several commercial Raman systems were evaluated and compared. In the 
process of evaluating these systems, important factors affecting Raman system performance 
were compared and initial Raman experiments were run.  
Chapter 4 presents the design of a Raman microscope system with near infrared (NIR) 
excitation. This Raman microscope system was designed using an inverted microscope base, 
laser, laser entry port, optical filters, spectrometer, and charge-coupled device (CCD) detector. 
This chapter also discusses alignment and calibration procedures for the Raman system. The 
acquisition of both enhanced and unenhanced Raman signals, demonstrated throughout this 
thesis, highlights the successful design and implementation of this Raman microscope system.  
  In chapter 5, the design and testing of SERS probe nanoparticles for the specific 
detection of molecular biomarkers is presented. Preliminary results and step-by-step 
characterization techniques that were vital for the development of optimized near infrared (NIR) 
SERS probes are described. Initially, SERS probes were fabricated without antibody conjugation. 
After the successful development of a protocol for unconjugated SERS probe fabrication, 
antibody conjugated SERS probe nanoparticles were developed. Conditions for the optimization 
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of conjugation reactions are discussed with a focus on step-by-step characterization during the 
multi-step conjugation process. This chapter also describes methods for the development of an 
immunoassay based on the light scattering properties of SERS probes.  
 Chapter 6 presents a summary of the important research findings detailed in this thesis 
and discusses the engineering significances of this work. In addition, this chapter provides 
recommendations for future research.    
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 
2.1 Overview 
The development of SERS probes for the detection of B-cell malignancies requires an in-
depth knowledge of both the biological and physical properties that accompany these cells 
during growth, maturation, and pathology. Section 2.2 of this chapter introduces the reader to 
concepts related to B-cell development and characterization. This section also discusses 
traditional methods for the detection of cell surface markers and some limitations associated 
with these methods. In this section, the novelty and importance of using Raman spectroscopy as 
a method for B-cell malignancy detection is addressed. 
The development of a SERS-based method for the classification of B-cell malignancies 
requires an understanding of Raman spectroscopy. Section 2.3 discusses the theory of Raman 
spectroscopy and the optics and physics concepts related to this unique form of vibrational 
spectroscopy. This section discusses both the classical and quantum mechanics theories of 
Raman scattering. Additionally, the practical application of these theories for chemical detection 
is discussed. 
In Section 2.4, the optical properties of nanoparticles for use in surface-enhanced 
Raman spectroscopy (SERS) are discussed. This section makes particular mention of the 
plasmonic properties of gold and silver nanoparticles and how these properties will affect 
Raman scattering measurements. In this section, the Mie scattering theory for nanoparticles is 
introduced with applications related to localized surface plasmon resonance. Finally, the 
applications and configurations of SERS biosensors are mentioned. 
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2.2 B-Cell Malignancies 
B-lymphocytes (commonly called B-cells), are immune cells that develop in the bone 
marrow. B-cells are responsible for recognizing foreign antigens and producing antibodies for 
current and future targeted immune responses. The treatment of B-cell malignancies such as 
leukemia, lymphoma, and myeloma is a significant clinical challenge. This treatment challenge is 
caused by the inherent genetic variation associated with cell maturation. As B-cells mature and 
differentiate, they express multiple different cell surface biomarkers, including antibodies. To 
produce a variety of antibodies specific to foreign antigens, B-cells will undergo somatic 
hypermutation. In somatic hypermutation, genes that code for the antigen recognition sites on 
B-cell antibodies experience a high rate of mutation. This increased mutation rate results in 
newly developed antibodies specific to foreign antigens, and is essential to the development of 
humoral adaptive immunity. Many researchers have proposed that the DNA translocations, 
strand breaks, insertions, and deletions, which occur during somatic hypermutation, can cause 
the development of different  B-cell cancer subtypes [28–30].  
As B-cells mature, they migrate from the bone marrow to the peripheral lymphoid 
tissues. While there, they can become activated, either by direct antigen exposure or by T-cell 
mediated activation [31]. B-cell activation will result in cell division and differentiation. The B-
cell will differentiate into either plasma cells or memory B-cells. The function of the plasma cell 
is to secrete antibodies to combat the foreign antigen. Plasma cells only live for a few days, but 
in that time, they produce a large amount of antibodies. It has been estimated that a single 
plasma cell secretes hundreds to thousands of antibodies per second [32]. The function of the 
memory B-cell is to preserve a copy of the specific antibody that was formed against the foreign 
antigen. In the case of future exposure, a memory B-cell recognizes the antigen and implements 
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an accelerated immune response by activating both the humoral and cell-mediated immune 
systems. Memory B-cells live for an extended period — for years or even decades after the 
initial antigen exposure [33]. B-cell malignancies are classified based on the stage of 
development at which genetic mutation and oncogene expression occur. Because there are 
many steps in B-cell maturation and differentiation, there are multiple different types of B-cell 
cancers that have been classified. Figure 2.1 illustrates B-cell malignancy subtypes, the 
developmental stage at which they are expressed, and specific genetic mutations associated 
with their development [34].  
2.2.1 B-Cell Immunophenotyping 
Throughout their maturation process, B-cells produce a variety of biomarkers, which can 
be useful in the identification of cell type, cell maturation, and cell pathology. Prominent 
biomarkers used for B-cell cancer classification are genetic lesions [35], epigenetic modifications 
[36], microRNA expression [37, 38], and cell surface marker (CSM) expression [39]. Due to the 
relative ease and consistency of identifying CSMs, a profile of CSMs is commonly used for B-cell 
classification [40]. For example, initial lymphocyte classification is traditionally based on the 
characterization of three CSMs referred to as CD20, CD3, and CD45. The CD prefix stands for 
cluster of differentiation, and is a classification system used primarily for CSMs [41]. A common 
single CD marker used to identify B-cells is CD20. The presence of CD3 is found predominantly 
on T-cells. CD45 (also referred to as the leukocyte common antigen) is present on both B -and T- 
cells. As a result, the presence of B-cells can be confirmed by a CSM profile with CD3-, CD20+, 
and CD45+ where - and + indicate absence and presence of the markers respectively. T-cells are 
identified by a profile of CD3+, CD20-, and CD45+ [42]. This type of cell surface profiling is 
referred to as immunophenotyping.  
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 Figure 2.1:  B-Cell Neoplasm's Arise At Different Stages Of B-Cell Differentiation. B-Cell 
 malignancies have been associated with distinct stages of B-Cell development. 
 Chromosomal translocations and gene mutations are frequently involved in these B-
 Cell neoplasms, and additional genetic aberrations such as hyperploidy and 
 aneuploidy are important contributors to the disease (not shown). Reprinted by 
 permission from Macmillan Publishers Ltd: [Nature Reviews Immunology] (R. C. Rickert, 
 “New insights into pre-BCR and BCR signaling with relevance to B-Cell malignancies,” 
 Nat. Rev. Immunol., vol. 13, no. 8, pp. 578–591, Aug. 2013.) copyright (2013) 
 
 Immunophenotyping is essential for the diagnosis and treatment of lymphocytic 
leukemias, lymphomas, and other lymphoproliferative disorders [43]. In a clinical setting, initial 
morphological examination of peripheral blood smears or tissue sections provides enough 
information for the pathologist to make a general oncological classification. A more detailed 
classification is made by immunophenotyping. Immunophenotyping uses antibodies to detect 
specific CSMs and to classify the cell type, maturation stage, and cell characteristics. Through 
immunophenotyping, the specific cancer subtype can be identified. This is important for the 
effective treatment of the cancer since research has shown that the nature of the cancers 
genetic mutation will affect its response to cytotoxic drugs [44–46]. These examples illustrate 
the importance of obtaining an accurate immunophenotype before clinical treatment begins. 
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 Table 2.1 Immunophenotypic Biomarkers For B-Cell Malignancies [40, 47–61]. 
 
 Due to the variation in cell maturation and genetics, some CSMs are expressed in only a 
portion of the cancer cell population. In addition, CSM expression can be observed as either 
weak or strong. Weak expression means that there is only a small amount of that specific CSM 
on the cell surface while strong expression indicates that there is a large amount of CSM on the 
cell surface. This is further complicated by the fact that cell autofluorescence and background 
staining can interfere with the fluorescent expression of labeled CSMs resulting in inaccurate 
and misleading CSM profiles [62]. To simplify and standardize the large amount of data used for 
identifying and immunophenotyping of B-cell cancers, multiple efforts have been made to 
 
 
Notes: (+) = > 90% Expression in the cell population; (+/-) = >50% Expression in the cell 
population; (-/+) = <50% Expression in the cell population; (-) = <10% Expression in the cell 
population; (w) = weak fluorescent expressionⱡ; SIg = Surface Immunoglobulin; N/A = Data not 
available; ⱡmarker expression not indicated as weak is expressed strongly. 
B-CLL/SLL = B-Cell Chronic Lymphocytic Leukemia / Small Lymphocytic Lymphoma; MCL = 
Mantle Cell Lymphoma; B-PLL = B-Cell Prolymphocytic Leukemia; HCL = Hairy Cell Leukemia; LPL 
= Lymphoplasmacytic Lymphoma; SMZL =Splenic Marginal Zone Lymphoma; NMZBL = Nodal 
Marginal Zone B-Cell Lymphoma; MALT = MALT Lymphoma (Extranodal Marginal Zone B-cell 
Lymphoma); FCL = Follicular Cell Lymphoma; DLBCL = Diffuse Large B Cell Lymphoma; BL/BLL = 
Burkitt Lymphoma/ Burkitt-Like Lymphoma; PCM = Plasma Cell Meyloma 
SIg CD5 CD10 CD11c CD19 CD20 CD22 CD23 CD43 CD103
B-CLL/SLL w + + - - + w + - + + -
MCL + + - - + + + (-/+) + -
B-PLL + (-/+) - + + + + (+/-) + +
HCL + - - + + + + - + -
LPL + - - - + + + - (-/+) -
SMZL + - - + + + + - - -
NMZBL + - - - + + + w (-/+) (-/+) N/A
MALT + - - - + + + - (-/+) +
FCL + - + - + + + (-/+) - -
DLBCL (+/-) (-/+) (-/+) (-/+) + + + - - -
BL/BLL + - + - + + + - + -
PCM (-/+) - - - - (-/+) - (-/+) + -
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compile a list of standard B-cell immnophenotypic markers. Table 2.1 shows CSMs used to 
identify common B-cell malignancy variants. 
2.2.2 Traditional Immunophenotyping Methods 
 After morphological examination, B-cell malignancies are traditionally classified using 
immunostaining and flow cytometry. Immunostaining is particularly useful in B-cell classification 
because it reveals morphological information and the location of cell specific components [63]. 
In B-cell immunostaining, cells are stained with antibodies and then examined under a 
microscope to locate diagnostic and prognostic CSMs. Detection methods used with 
immunostaining include fluorescent, colorimetric, chemiluminescent, enzyme-based, or 
nanoparticle-based methods. The selection of an appropriate detection method is critical for 
multiple staining procedures (when multiple CSMs are detected at the same time). To perform 
multiple staining, spectrally unique antibody probes are used. Using fluorescent multiple 
staining, up to four separate CSMs can be detected simultaneously [64].  
 In flow cytometry, CSMs are labeled with multiple fluorescent antibodies and then 
passed through a single cell channel. Each cell is excited with a laser as it passes through the 
channel. Following laser excitation, light scattering and fluorescence will occur. This scattered 
light is detected by both a side scatter detector and a forward scatter detector. The forward 
scatter detector is used to determine the size of the cells, and the side scatter detector 
determines cell roughness, and surface characteristics. When the laser source excites the 
fluorescent antibodies on the cell surface, the light that they emitted is detected using a series 
of side scattering detectors as illustrated in Figure 2.2. To separate the signals from the different 
fluorophores, the light is filtered into different fluorescent channels. Each channel is setup to 
detect only a specific range of wavelengths corresponding to a single CSM.  
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 Figure 2.2 Diagram of a Multichannel Flow Cytometer. A flow cytometer can be used to 
 detect multiple CSMs at the same time by separating the fluorescent signal into multiple 
 fluorescent channels. Reprinted with permission of Semrock, Inc. [65]. 
 
  As with immunostaining, multiplex analysis of CSMs in flow cytometry is challenging 
because the spectral profile of fluorescent antibodies is broad, and the tail regions of these 
probes overlap into the range of neighboring probes. This spectral overlap results in 
fluorescence cross-talk, where the emission profiles of two fluorophores overlap. In this 
overlapping region, signal from the first probe leaks into the fluorescent channel designated for 
the second probe. This cross-talk between channels results in a false signal generated in the 
detector. Figure 2.3 shows fluorescent spectral overlap and cross-talk that can occurs with two 
common fluorophores FITC and TRITC. Using both forward and side scattering data, multiple 
excitation lasers, and carefully designed gating strategies, flow cytometry has been used for the 
analysis of 10-13 different CSMs and that same time [66].  
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 Figure 2.3 Spectral Overlap of FITC and TRITC Fluorescence Probes. Spectral overlap of 
 FITC and TRITC spectral profiles result in significant fluorescence cross-talk. Spectral 
 data for this figure was obtained using the LifeTechnologiesTM fluorescent spectral 
 viewer [67].  
  
2.2.3 Quantum Dots 
 Nanoparticle-based optical probes have played an important role in multiplex CSM 
analysis. One recent development in the field of nanoparticle-based optical probes is the 
discovery of quantum dots [68]. Quantum dots are semiconductor nanoparticles that have a 
band gap that is tuned to produce fluorescence when excited with UV light. The fluorescence 
emission maximum of quantum dots can be turned over a large range by varying the size of the 
particles. Quantum dots typically range from a size of 2 - 50nm, with corresponding emission 
wavelengths spanning the visible and near-infrared spectrum [69–71]. Due to their symmetric 
spectral profile and their very narrow spectral width, quantum dots have been useful in 
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multiplexing applications [72, 73]. Figure 2.4 shows commercially available quantum dots and 
their fluorescent excitation and emission profiles.  
 The spectral width of an optical probe can be described by its full-width half-maximum 
(FWHM). The FWHM is a metric describing the peak width at half the maximum peak height. 
Quantum dots have a FWHM of 20-50 nm, which is smaller than many organic fluorophores, 
providing greater multiplexing capabilities. Another benefit of quantum dots is that all sizes can 
be excited with the same UV source. The biggest downside to using quantum dots for multiplex 
analysis is their inherent toxicity. To produce quantum dots, heavy metal ions such as selenium, 
cadmium, and lead are used [74, 75]. Quantum dots created with these metals have been 
shown to be toxic in cell culture [75], and the long-term effects of quantum dots during in vivo 
studies need further evaluation [76]. 
 Figure 2.4 Commercially Available Quantum Dots. Due to their narrow spectral width 
 and symmetric emission profile, quantum dots provide increased multiplexing 
 capabilities when compared to organic fluorochrome dyes. Quantum dot spectral data 
 was obtained using the LifeTechnologiesTM fluorescent spectral viewer [67].    
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2.2.4 Spectral Multiplexing Methods 
 Colorimetric and fluorescence-based probes have produced significant advancement in 
the field of protein multiplexing, but alternative optical techniques such as Raman spectroscopy 
can provide even greater multiplexing abilities. Raman spectroscopy is a vibrational 
spectroscopy technique that is commonly used for chemical identification. Due to the narrow 
emission peaks produced in Raman spectroscopy, much greater multiplexing can be achieved. 
Unfortunately, standard Raman spectroscopy has limited application in multiplexing due to its 
low light scattering signal and sensitivity. Using surface-enhanced Raman spectroscopy (SERS), 
highly sensitive multiplexing probes can be created. These probes are an attractive alternative 
to traditional fluorescent antibodies. The multiplexing capacity of optical probe systems can be 
compared by examining the FWHM of the probes peak spectra. Narrow FWHMs, significantly 
increases multiplexing capacity. Table 2.2 shows the different methods available for CSM 
multiplexing, their theoretical multiplexing capabilities, and probe FWHM. 
 In addition to their unique multiplexing capabilities, SERS nanoparticles are resistant to 
photobleaching [77, 78] and are stable in a variety of environmental conditions [25, 79]. These 
properties have enabled researchers to develop unique labeling profiles that have not been 
realized before, such as highly sensitive in vivo molecular imaging using Raman spectroscopy 
[80]. The development of SERS probes has also promoted research directed towards theranostic 
applications, where both diagnosis and treatment capabilities are combined in a single agent. 
SERS is particularly suited for theranostic applications since it can easily be added to currently 
existing treatment technologies. Examples of theranostic SERS probe applications combine 
sensitive molecular detection with photothermal [81], photodynamic [82], or monoclonal 
antibody therapy [83, 84]. 
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Table 2.2 A Comparison of Biochemical Spectral Multiplexing Methods. The multiplexing 
capacity describes the maximum number of probes that can be assayed simultaneously. To 
achieve greater multiplexing capabilities nanoparticle-based probes such as quantum dots and 
SERS probes are used. 
 
 
 
2.3 Raman Spectroscopy  
 Raman scattering is a type of secondary radiation that occurs when light interacts with 
and is scattered by molecules. This light scattering phenomenon was first discovered in 1928 by 
Chandrasekhara Venkata Raman [85]. Raman’s observations were influenced by the early work 
of Lord Rayleigh, who had reported on elastic light scattering in the atmosphere in 1871 [86]. In 
Raman’s early experiments, he used a series of lenses to concentrate sunlight onto liquid or 
vapor samples and observed light scattering off those samples. He observed shifts in the 
wavelength of the light scattered off samples, and that the extent of the wavelength shift 
depended on the sample type [85]. The light scattering discoveries of Rayleigh and Raman are 
now referred to by the names of these scientists. Rayleigh (or elastic) scattering is the dominant 
light scattering effect and results when light is scattered off molecules with no energy shift. 
Raman (or inelastic) light scattering is a comparatively weak scattering phenomenon that occurs 
Label Detection 
Method 
FWHM Multiplexing 
Capacity (400 – 
700nm) 
Reference 
Bio/Chemilumenscence 
Expression 
Luminometer 
 
60-90 
nm 
1-3 [77–79]  
 
 
Fluorescent Dyes Fluorescence 
Spectroscopy 
40-70 
nm 
1-4 [80–82] 
 
Quantum Dots Fluorescence 
Spectroscopy 
20-50 
nm 
3-10 [81][83] 
 
 
SERS Probes Raman 
Spectroscopy 
3-5 nm 10-100 [81][84] 
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because of bond vibrations. In Raman scattering, photon energy is transferred as it interacts 
with the molecules, causing a shift in the wavelength of the scattered light. Both Rayleigh and 
Raman light scattering theories are now widely used to describe how light interacts with and is 
scattered by molecules.  
2.3.1 Classical Scattering Theory 
 As electrons move around the surface of a molecule, they will oscillate at a natural 
frequency ( ). This electron oscillation can be modeled as a one-dimensional harmonic 
oscillator with spring constant ( ) described below: 
 
    
 
 
   
 
(Equation 2.1) 
 
where  is the natural frequency,   is the average spring constant associated with the electron 
oscillation, and  is the effective mass of the molecule [87]. As light interacts with the molecule, 
energy will be absorbed for a short period. When the incoming energy matches the natural 
frequency of the system    , the electrons will be promoted to a higher molecular orbital in the 
process of absorption. On the other hand, when the incoming energy does not match the 
system natural frequency, the electrons in the outer-most orbital of the molecule will begin to 
oscillate at the same frequency as the incoming light waves. This oscillation of the electron cloud 
results in charge separation and an induced dipole moment [88]. This induced dipole will cause 
the electromagnetic waves to be remitted (or scattered) in a random direction. By using this 
simple model, predictions can be made about the absorption and scattering properties of 
molecules. Figure 2.5 illustrates the classical theory of Rayleigh scattering as described above, 
where the energy of the incident light is labeled as Evo and the scattered light is labeled as Es. 
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 Figure 2.5 The Classical Description of Rayleigh Scattering. As incident, monochromatic 
 light hits a molecule, an induced molecular dipole is formed resulting in elastic light 
 scattering. 
 
 The extent to which a molecule’s electron cloud can be influenced by an 
electromagnetic field is described using the term molecular polarizability (α). In fact, the 
induced dipole moment will be linearly proportional to the electric field applied to the 
molecules (   and the molecular polarizability α, and can be described by the equation  
 
                   (Equation 2.2) 
 
 
where         is the time-varying induced dipole moment,       is the time-varying molecular 
polarizability, and      is the time-varying applied electrical field [89]. Molecules with a large 
polarizability will experience a large induced dipole moment when exposed to electromagnetic 
radiation, while molecules with a small polarizability will only experience a small induced dipole 
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moment. The molecular polarizability will also be modulated by bond rotations and vibrations. 
In fact, when bond vibrations and rotations occur at a frequency    , the polarizability will vary 
between      and       . The change in molecular polarizabilty can be expressed as    
           . Using this terminology, the induced dipole moment can be expressed by the 
following equation [90]: 
 
             
 
 
                         
(Equation 2.3) 
 
 
In this expression,   is the mean molecular polarizability, and    is the time-independent 
component of the electric field. Using trigonometric identities the final expression is expanded 
to the form seen below [90]: 
                      
 
 
                  
 
 
                  (Equation 2.4) 
 
 
  
 
 It is significant to note that in this form the time-varying induced dipole moment is 
made up of three components. These components are referred to as the Rayleigh, the Stokes 
Raman, and the anti-Stokes Raman components. The Stokes and anti-Stokes Raman 
components of the induced dipole result from energy exchange due to molecular vibrations and 
rotations. The Stokes Raman induced dipole moment results in light scattering that has a longer 
wavelength and lower energy than the incident light. On the other hand, the anti-Stokes 
induced dipole results in light scattering with shorter wavelengths and higher energy than the 
incident light. Figure 2.6 illustrates the three components of light scattering. In this diagram, the 
energy of the incident light is labeled at Evo and the energy of the scattered light is labeled as Es. 
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 Figure 2.6 The Classical Description of Raman Scattering. As incident, monochromatic 
 light hits a molecule, it results in an induced molecular dipole. Additionally, molecular 
 vibration and rotation will occur within the molecule resulting in subsequent inelastic 
 light scattering. 
 
 When light scattering occurs, it will be primarily composed of Rayleigh scattered light. 
However, a small portion of the light is Stokes Raman scattering, and an even smaller portion of 
the light is anti-Stokes Raman scattering. The varying scattering intensities are due to the low 
probability of Raman scattering events. Approximately 106-108 scattering events are required to 
generate one Raman scattered photon [91]. For Rayleigh scattering to occur, the incident 
photon must interact with the molecules' electrons causing electron distortion. On the other 
hand, Raman scattering occurs when the incident photon passes the electron cloud and hit the 
nucleus. The nuclear motion caused by this event induces bond vibrations and rotations, and 
changes in the photon energy during scattering [91]. Because the likelihood of a photon passing 
though the electron cloud undisturbed is very low, Raman scattering is by nature a rare 
occurrence. With such infrequent Raman scattering events, it is important that Raman systems 
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are very sensitive and are efficient at removing the dominant Rayleigh component so that the 
weak Raman signal can be acquired. 
2.3.2 Raman Spectrum and Vibrational Modes 
 A typical Raman spectrum will contain multiple Raman peaks with each peak 
corresponding to a specific vibrational or rotational mode. Depending on the Raman setup, 
these peaks can be either Stokes Raman peaks or anti-Stokes Raman peaks. The Stokes Raman 
peaks are red shifted from the laser line, meaning they have longer wavelengths and less 
energy. On the other hand, anti-Stokes Raman peaks are blue shifted from the laser line. The 
intensities of the anti-Stokes peaks are smaller than those for the Stokes peaks. Figure 2.7 shows 
that the relative position of the Stokes and anti-Stokes lines remain the same while the intensity 
of the lines are different. 
  The number of peaks in a Raman spectrum will depend on the number of vibrational 
modes for the molecule. All vibrational modes are not necessarily seen in the Raman spectrum 
because some of the modes are degenerate (they have the same energy level) and because 
some of the modes are not Raman active. The number of vibrational modes for a molecule can 
be calculated based on the number of atoms contained within that molecule. Due to their 
symmetry about the molecular axis, the number of modes expressed by linear molecules is 
         (Equation 2.5) 
 
while the number of modes expressed by non-linear molecules is:  
         (Equation 2.6) 
 
where    is the number of vibrational modes, and   is the number of atoms contained within 
the molecule [92]. Some vibrational modes will be Raman active and others will not. For a 
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vibrational mode to be Raman active there must be a net change in the polarizability of the 
molecule. Using a technique referred to as group theory, Raman active modes of a molecule can 
be determined. Group theory is a mathematical method used to model molecular symmetry and 
the constraints on molecule rotation and vibration [93]. Figure 2.8 shows a list of common 
Raman peaks and their associated molecular movements that has been compiled based on 
group theory calculations and experimental results found in scientific literature [94].   
  
 Figure 2.7 An Example Raman Spectrum. A typical Raman spectrum has multiple 
 peaks corresponding to specific vibrational modes. Both the Stokes and anti-Stokes 
 Raman bands are observed as well as the strong Rayleigh scattering component. The 
 Stokes bands are stronger than the anti-Stokes bands due to the decreased likelihood of 
 photon upconversion. 
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 Figure 2.8 Raman Active Modes of Common Function Groups. Functional groups can be 
 identified in a Raman spectrum based on their position relative to the excitation 
 wavelength. Functional groups have been identified with the wavenumber range in 
 which they are most commonly observed [93, 94]. 
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 2.3.3 Quantum Scattering Theory 
 To offer a deeper description of the Raman scattering process, a quantum mechanics 
approach is often taken. Using quantum mechanics, the interactions of photons and molecules 
can be described with specific quantized energy levels. Electrons will transition between these 
energy levels in response to photon excitation. When the frequency of the incident light 
matches the natural frequency of electron oscillation in the molecule, it will induce a transition 
of electrons from highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO). This process is illustrated in Figure 2.9.  
 This electron state transition is referred to as optical absorption, and is the 
phenomenon that is traditionally used in chemical and biological sciences for the detection of 
molecules with conjugate bonds. Through photon absorption, the molecule transitions from its 
ground state to a highly energized excited state. Either energy from this excited state can be 
dissipated as heat, or addition energy conversion processes can take place, such as fluorescence 
or phosphorescence. Electron absorption and molecular vibrations are different processes, 
which result in a transition from the molecules ground state to an excited state. In electron 
absorption, an electron transitions to a higher orbital. On the other hand, in the process of 
molecular vibration potential energy is stored in the molecular bonds and is dissipated by the 
release of energy in the form of heat, light, or other forms of kinetic energy. 
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 Figure 2.9 The Process of Photon Absorption. During photon absorption electrons in 
 the highest occupied molecular orbital (HOMO) are excited by a photon and are 
 promoted to the lowest unoccupied molecular orbital (LUMO). 
 
 The quantum mechanics description of Raman and Rayleigh scattering can be best 
illustrated by a comparison to the process of fluorescence. The Jablonski diagram presented in 
Figure 2.10 shows the process of fluorescence, Rayleigh scattering, Stokes-Raman scattering, 
and anti-Stokes Raman scattering. In fluorescence, a molecule is excited by a light source that 
matches the molecules resonance frequency. At this point, an electronic transition occurs and 
the molecule enters a singlet excited state (  ) where some energy is lost due to internal 
conversion. After the fluorescence lifetime is completed, the electrons in the singlet excited 
state (  ) fall back down to the ground state (  ). As this occurs, an additional photon is 
emitted. Because the energy difference between the excited state (  ) and the ground state (  ) 
is smaller than the initial absorption energy, the photon that is emitted now has less energy 
than the incident photon. 
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 Figure 2.10 Jablonski Diagram of the Fluorescence and Scattering Processes. 
 Fluorescence and scattering are fundamentally different processes. Fluorescence 
 involves photon absorption followed by internal conversion. The remaining energy is 
 remitted as a photon in the process of fluorescence relaxation. Scattering, on the 
 other hand, results from the promotion of high-energy electrons to a virtual state and 
 the random remission of the photon during molecular relaxation. 
 
 Light scattering processes such as Rayleigh and Raman scattering do not rely on 
electronic transitions, such as with absorption and fluorescence. In light scattering, the molecule 
will be excited to a virtual energy state ( ) which is an intermediate state between the ground 
state (  ) and the excited state (  ). The promotion of the molecule to a virtual state occurs 
when light does not match the quantized energy level of the molecule. When this occurs, the 
energy is briefly captured by the molecule as an induced dipole moment. This elevated energy 
level or virtual energy state ( ) is dissipated through light scattering. The amount of time that a 
molecule remains in the virtual energy state ( ) is much smaller than the amount of time that it 
remains in the excited state. The scattering lifetime for Raman ranges from 10-13 to 10-11 
seconds, while the fluorescence lifetime ranges from 10-9 to 10-7seconds [95]. The reduced 
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amount of time spent in the virtual excited state is one reason that SERS probes experience 
reduced photobleaching [96–98].  
 The processes of both Stokes and anti-Stokes Raman scattering can be described by 
their virtual energy level transitions. In Stokes Raman scattering, light excitation promotes the 
molecule to a virtual state ( ). After the scattering lifetime is completed, the molecule returns 
to a vibrational state (   ) rather than going to the ground state (  ). This vibrational state (   ) 
results from vibrational and rotation movement caused by the incident light. The vibrational 
state (   ) is near the ground state, and as a result, the energy difference between these two 
states is very small. As the electrons fall from the virtual excited state ( ) to the vibrational state 
(   ), a photon is emitted, which is red-shifted from the incident beam. By studying the 
spectrum of red shifted light, the vibrational and rotational bond movements can be 
characterized.   
 In anti-Stokes Raman scattering, a small portion of the molecules are already in a high-
energy vibrational state (   ), because at room temperature all molecules will experience some 
bond movements. As incident light hits the surface of the molecules, they are excited to a virtual 
state ( ). After the scattering lifetime, the molecules return to the ground state (  ), resulting in 
the emission of a photon that is blue shifted from the incident beam. Because it is less likely for 
molecules at room temperature to be in a vibrationally excited state, anti-Stokes Raman 
scattering occurs less frequently than Stokes Raman scattering. Additionally, the resulting anti-
Stokes Raman intensity is smaller than the Stokes Raman intensity. The reduced intensity of 
anti-Stokes Raman scattering is not explained by classical theory, but it is effectively illustrated 
using quantum scattering theory [99]. 
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2.3.4 Raman Spectroscopy in Practice 
 The theoretical foundation of classical and quantum mechanics theories describing 
Raman scattering provide a good starting point for the development of Raman spectroscopy-
based applications. To implement effective Raman scattering experiments, an understanding of 
the practical requirements of the Raman system is also important. In Raman spectroscopy, it is 
important to consider the factors that will influence the Raman scattering intensity. The Raman 
scattering intensity will normally be directly proportional to the concentration of the molecule 
being evaluated. The equation below is a typical expression for the Raman scattering intensity 
[100]. 
            (Equation 2.7) 
 
where    is the Raman scattering intensity,    is the intensity of the incident light,    is the 
Raman scattering cross-section of the molecule,   is the Raman system focal length,   is the 
instrument throughput, and   is the concentration of the molecular species.  
 Figure 2.11 Spectral Calibration Curve and Raman System Sensitivity. The Raman 
 spectrum of fluorescein at concentrations ranging from 1 - 100mM was detected and 
 plotted in Figure 2.11A. The Raman band intensity is proportional to the concentration 
 of the analyte and a calibration curve can be developed as shown in Figure 2.11B. 
 Quantitative analysis using Raman spectroscopy is limited by the low sensitivity of the 
 system. 
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 Since the Raman scattering intensity is linearly proportional to the concentration, a 
trendline can be established for a specific Raman-active molecule. The terms for focal length ( ), 
incident intensity (  ), Raman cross-section (  ), and instrument throughput ( ) must remain 
constant for this relationship to hold. When these factors remain constant, the Raman Spectrum 
can be used for quantitative chemical evaluation. Figure 2.11A and Figure 2.11B show the 
Raman spectrum of fluorescein (a Raman active dye), and a Raman spectral area calibration 
curve, respectively. From the graph, it can be seen that the lower detection limit of this 
particular system is approximately 1mM. These results highlight one of the problems associated 
with Raman spectroscopy. Since Raman scattering is rare, its sensitivity is very low and it is 
difficult to acquire the Raman spectra of chemicals in small concentrations. A common 
technique to increase system sensitivity is to increase the spectral acquisition time. A longer 
acquisition time will result in a greater likelihood that Raman-scattered photons will hit the 
detector. One disadvantage of increasing the acquisition time is that it also increases the 
susceptibility of the system to extraneous light sources and fluorescence. 
 Table 2.3 Typical Cross-Sections for Various Photonics Processes. The cross-section for 
 scattering is typically much smaller than fluorescence and absorption. Surface-enhanced 
 Raman scattering increases the scattering cross-section so that it is comparable to 
 fluorescence and absorption, this greatly increases Raman spectroscopy sensitivity. 
 
Photonics Process Typical Cross-
section (cm2) 
Reference 
Absorption 1E-18 -1E-16 [104] 
Fluorescence 1E-18-1E-16 [105] 
Surface-enhanced Raman Scattering 1 E-17-1 E-16 [106] 
Rayleigh Scattering 1 E-30-1 E-27 [107] 
Raman Scattering 1 E-30-1 E-25 [107] 
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 Another option for increasing Raman scattering intensity is to increase the Raman 
scattering cross-section (  ). The cross-section is a calculated quantity, which expresses the 
likelihood of photon-to-particle interactions such as absorption, fluorescence, and scattering. 
The units of cross-section are in centimeters squared, because the cross-section expresses the 
hypothetical area available for particle interaction. Because the cross-section of Raman 
scattering is so small, it is challenging to make sensitive measurements using this technique. To 
increase the Raman scattering sensitivity, several techniques have been employed including 
stimulated Raman scattering [101], coherent anti-stokes Raman scattering [102], and surface-
enhanced Raman scattering (SERS) [103]. SERS is of particular interest because the setup of the 
Raman system does not need to be altered for effective signal enhancement. Using SERS, the 
Raman scattering cross-section is enhanced to match the cross-section of fluorescence, which 
enables SERS to be used in applications requiring highly sensitive measurements. Table 2.3 
shows the average cross-sections for several photonics processes. 
2.4 Surface Enhanced Raman Spectroscopy 
  Surface-enhanced Raman spectroscopy (SERS) was discovered in 1974 by three 
scientists (Fleischmann, Hendra, and McQuillan) at Southampton University [108]. In their initial 
experiments, they discovered that the Raman spectrum of pyridine on a silver electrode showed 
an unusually strong Raman intensity [108]. Experimental investigation from multiple research 
groups showed that there are two underling mechanisms behind this Raman enhancement 
(chemical and the electromagnetic enhancement). Both mechanisms produce enhancement by 
causing a net change in the induced dipole moment. As stated previously in this chapter, the 
strength of the induced dipole moment for a Raman active molecule is given by         , 
where   is the molecular polarizabity and   is the electric field strength. The first enhancement 
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mechanism is electromagnetic enhancement and results from a change in the electric field 
strength  . Electromagnetic enhancement is the dominant effect and occurs due to the 
enhancement of the electromagnetic field near the molecule of interest. This electromagnetic 
enhancement is caused by the interaction between the electromagnetic field and a nearby 
metallic substrate. The second form of enhancement is referred to as chemical enhancement 
and is a result of a change in polarizability     induced by charge transfer and bond formation 
between the metallic substrate and the molecule of interest [109].  
2.4.1 Surface Plasmon Resonance 
 To understand these two mechanisms of SERS, it is important to first discuss the 
interaction of light with metallic surfaces. As incident light hits a metal surface, free electrons in 
the conduction band begin to oscillate [110]. As the electrons oscillate the bulk electron charge 
is redistributed across the surface, and an electronic dipole is produced in the metallic lattice 
[110]. This surface electron oscillation has discrete energy levels referred to as plasmons. When 
the incident light frequency matches the plasmon oscillation frequency, a resonance state is 
achieved, referred to as surface plasmon resonance (SPR). At this resonance state, the 
magnitude of the surface plasmons is maximized and incoming light intensity is amplified and 
remitted. When the dimensions of the metallic structure are less than the wavelength of 
incident light, the SPR is highly dependent on the geometry, size, proximity, and composition of 
the nanostructures [111]. When plasmon excitation occurs at the nanoscale, the electron 
density of the entire structure will oscillate (Figure 2.12). This overall surface electron oscillation 
is referred to as localized surface plasmon resonance (LSPR). LSPR results in an amplified 
electrical field near the particle surface and increased light scattering and absorption [112].  
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 LSPR can be used to explain the size-dependent light scattering and absorption 
properties of gold and silver nanoparticles. By changing just the size of the nanoparticle, the 
LSPR peak position can be shifted dramatically, which will affect the observed color of the 
particle and the Raman scattering properties of these metallic nanoparticles. The LSPR peak 
position is the wavelength at which maximum absorption and scattering are observed for 
metallic nanoparticles. Greater electromagnetic enhancement and light scattering will occur 
when the excitation wavelength is near the LSPR peak. It is important to optimize SERS particles 
for a specific excitation wavelength. This optimization can be done by designing nanoparticles 
with dimensions that produce an LSPR peak at the excitation wavelength. 
 Figure 2.12: Localized Surface Plasmon Resonance. Localized Surface Plasmon 
 Resonance (LSPR) is produced when electromagnetic radiation interacts with metallic 
 nanoparticles. As light interacts with these particles, it creates electric dipoles on the 
 particle surface, which oscillate back and forth in response to the incoming waves. 
 Because the size of these structures is smaller than the wavelength of light, these 
 oscillating surface plasmons dominate the electromagnetic response, producing 
 increased light scattering and a greatly enhanced electric field near the particle surface. 
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 Figure 2.13 LSPR and Nanoparticle Extinction Cross-Section. Theoretically predicted 
 normalized extinction cross-section of gold nanoparticles ranging from 20nm – 140nm 
 were generated using Mie theory calculations. This plot shows the increasing SPR peak 
 location as particle size increases. Data for this plot was generated using the program 
 MiePlot [113][114]. 
 
 Theoretical predictions of the LSPR peak location can be performed using Mie Scattering 
theory. Mie scattering theory is a method for applying Maxwell’s equations for electromagnetic 
propagation to homogenous isotropic spherical particles [114]. The result of this application can 
be used to predict LSPR peak locations for various nanoparticle sizes, shapes, and dielectric 
properties. The following equation is derived using Mie scattering theory and can be used to 
estimate the wavelength dependent extinction properties of a nanoparticle that is 
electrostatically dipole-limited [115, 116]. 
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  (Equation 2.8) 
 
 
 In this equation      represents the wavelength dependent light extinction, which is a 
sum of absorption and scattering.   is the area density of the nanoparticles,   is the radius of 
the nanoparticles,    is the dielectric constant of the medium surrounding the nanoparticle,    
and    are the real and imaginary portions of the nanoparticles dielectric function, and   is the 
particle shape factor. The particle shape factor   can be adjusted for Mie Theory simulations of 
particles with varying aspect ratios and shapes [115, 116]. Figure 2.13 shows the theoretical 
extinction spectrum of spherical gold nanoparticles of increasing sizes.  
2.4.2 SERS-Based Biosensor Applications 
 SERS biosensors can be fabricated on planar substrates or can be created using 
nanoparticles in solution. When fabricated on a substrate, these biosensors are referred to as 
SERS substrates, while the use of nanoparticles for SERS enhancement has been termed 
nanoparticle SERS. Both methods have been used for a variety of biosensing applications 
including unknown chemical identification [117], bacterial [118] and viral [119] sensing, cancer 
detection [120], and tissue characterization [121]. 
2.4.2.1 SERS Substrates 
 SERS substrates are composed of a planar surface with metallic (usually gold or silver) 
nanoscale features. These metallic features produce enormous electric field enhancement and 
thereby cause increased light scattering. SERS substrates are useful for the analysis of chemical 
unknowns [122], trace level detection of contaminants [123], authentication [124], and in 
studies of biomolecular structure and function [125, 126]. When developing SERS substrates a 
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compromise must be made between high sensitivity and repeatability. This effect is due to the 
“SERS uncertainty principle” [127, 128] which states that high signal enhancement is the result 
of electromagnetic hot spots, which form at junctions between adjacent nanostructures. Hot 
spot formation is difficult to control, visualize, and predict, and as a result, repeatability suffers. 
The size, shape, density, and composition of the metallic nanostructures on the substrate 
surface will determine the enhancement effect and the optimal excitation wavelength. Often 
SERS substrates must be constructed for a specific excitation wavelength, but there are also 
broad range SERS substrates that can be used with a variety of wavelengths [129]. Some 
disadvantages of SERS substrates are that they are rarely selective [130], are susceptible to 
molecular interference [131], and are designed for single use applications [132]. One promising 
advantage of SERS substrates is that they can be constructed easily and are inexpensive [117, 
133, 134].  
2.4.2.2 Nanoparticle-Based SERS 
 Nanoparticle-based SERS is a highly flexible method for the development of SERS-based 
biosensors. In nanoparticle-based SERS, molecules of interest are bound to the nanoparticle 
surface and Raman measurements are acquired. Nanoparticle-based SERS measurements can be 
either intrinsic or extrinsic. Intrinsic SERS refers to the direct measurement of a target molecule. 
In this configuration, the molecules specific Raman signature can be observed. In extrinsic SERS, 
the presence of a molecule is detected indirectly using Raman reporter molecules that are 
bound to the nanoparticle surface. After addition of the Raman reporter molecule, the particle is 
functionalized with a protective coating and then antibodies, or other affinity ligands, are 
conjugated to the surface. An advantage of extrinsic SERS particles is that they can be extremely 
robust, allowing targeted detection in environments of high ionic strength and extreme pH. 
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Additionally, extrinsic SERS particles can be coated with biocompatible materials for use in vivo 
[21]. Although extrinsic SERS nanoparticles cannot be used to detect the unique spectral 
signature of their target molecule, they can be used as a very sensitive method for indirect 
detection. Figure 2.14 shows an illustration of intrinsic and extrinsic SERS nanoparticles, and the 
advantages and disadvantages associated with each method. 
 Figure 2.14 Intrinsic and Extrinsic SERS Nanoparticles. A comparison of intrinsic and 
 extrinsic SERS nanoparticles with the advantages and disadvantages of each method 
 listed. 
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2.5 Conclusion 
 This chapter has focused on the theoretical aspects of SERS and its application to the 
detection and targeting of B-cell malignancies. Initially, the pathology of B-cell malignancies and 
immunophenotyping methods used to detect different B-cell malignancies were presented. The 
need for a sensitive multiplexing platform for B-cell malignancy classification was also discussed. 
Due to their large multiplexing capacity and their robust signal, Extrinsic SERS nanoparticles (or 
SERS probes), are an appropriate platform for the targeting of multiple biomarkers, and could be 
used to fill this clinical need.  
 Traditional methods such as fluorescence and chemiluminescent cannot be used for the 
simultaneous quantification of a large number of biomarkers because of their large spectral 
width. To provide increased detection and multiplexing capabilities, SERS probes with spectrally 
unique reporter molecules can be used. When excited with a light source, these probes produce 
inelastic light scattering, which can be detected using Raman spectroscopy.  This chapter has 
discussed the classical and quantum mechanics theories of light scattering and how these 
theoretical concepts may affect the way in which SERS probes are fabricated and analyzed. 
Practical considerations associated with Raman spectroscopy where also discussed to provide 
context for experimental considerations presented in subsequent chapters of this thesis. 
 Finally, this chapter has discussed the details of SERS enhancement and the effects of 
localized surface plasmon resonance on metallic nanoparticles. The inelastic light scattering 
signal from SERS probe nanoparticles is enhanced through the plasmonic properties of the gold 
nanoparticle core. By taking advantage of the electromagnetic and chemical enhancement 
provided by localized surface plasmon resonance, extremely sensitive multiplex detection can 
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be achieved. This type of sensitive multiplex detection has potential for use in the 
quantification, classification, and treatment of B-cell malignancies.  
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CHAPTER 3 
CHARACTERIZATION OF COMMERCIAL RAMAN SYSTEMS 
3.1 Introduction 
  When developing chemical biosensors based on SERS, it is important to select a Raman 
system that will promote highly sensitive chemical detection and accurate chemical recognition. 
To make the appropriate selection, the specifications of the Raman system must be carefully 
evaluated and multiple factors must be compared. For bulk chemical evaluation, a simple bench 
top Raman system will be a cheap and yet effective choice. Bench top Raman systems can only 
be used for samples that have relatively large dimensions and are homogeneous. If non-uniform 
samples are evaluated using a bench top system, the Raman intensities will vary significantly 
across the sample field, and measurement repeatability will decrease.    
 A Raman microscope system is required when working with non-uniform sample fields 
where the ability to focus on a single object is important. Raman microscope systems are also 
critical for the development of Raman point mapping applications. Raman microscope systems 
will be more expensive than bench top units, but will also provide greater flexibility and higher 
resolution. The choice of a Raman system will be one factor that determines the sensitivity of 
SERS-based biosensors and should be carefully evaluated.  
 In this chapter, the selection of a Raman microscope system is discussed. Initially, 
several commercial Raman instruments were evaluated and a variety of experiments were 
conducted. These initial experiments proved to be valuable for the future development of SERS 
probes and provided a knowledge base for the development of a custom Raman microscope 
system. After the evaluation of these various systems, the decision was made to purchase a 
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commercial Raman microscope system and to build a custom Raman microscope system, which 
could be used for experiments requiring greater flexibility.  
3.2 Factors to Consider when Selecting a Raman System 
 There are many different Raman systems currently on the market and comparison of 
the systems takes considerable effort and knowledge. To make an accurate comparison, the 
following factors should be considered: excitation wavelength (Section 3.2.1), spectral 
resolution (Section 3.2.2), spectral range (Section 3.2.3), and system sensitivity (Section 3.2.4). 
When using a Raman microscope for point mapping applications, additional specifications must 
be considered, such as laser spot size [135], spatial resolution [136], acquisition time per 
spectrum [137], and sample temperature control [138].To facilitate a discussion of the factors 
that must be considered when selecting a Raman system, first a brief description of the design 
of a Raman system will be presented. 
 In Raman spectroscopy, laser light is focused onto the sample and light scattering 
occurs. This scattered light is collected, often using the same optics to both focus the incident 
light and collect the scattered light. The collected light is predominantly Rayleigh scattered light, 
but a small portion is Raman scattered light. To visualize the weak Raman signal the Rayleigh 
component is filtered using a long-pass dichroic mirror. The dichroic mirror transmits the Raman 
component, while reflecting the Rayleigh component. The Raman component is then focused 
onto the spectrometer entrance slit. Once the light has entered the spectrometer, it hits the 
diffraction grating and is dispersed. Finally, the dispersed light is directed towards the CCD 
detector and can be visualized. Figure 3.1 illustrates a simplified Raman setup.  
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 Figure 3.1: Raman System Schematic. A diagram of the basic components of a Raman 
 system, including a long-pass filter, diffraction grating, and detector. 
 
 The long-pass dichroic mirror is critical in Raman system design, since the Rayleigh 
scattering component will typically be six to eight orders of magnitude greater than the Raman 
component [91]. If Rayleigh scattering is not filtered out, the resulting Raman component will be 
overshadowed by strong Rayleigh scattering, making observation of the Raman signal difficult. 
Additionally, the strong Rayleigh component can saturate the sensitive detector and potentially 
cause overexposure and detector damage. Another critical component is the diffraction grating, 
which uses nanoscale reflective features to produce diffraction of the incoming light waves. This 
diffraction pattern is imaged by the detector. The diffraction grating is designed to have optimal 
efficiency within a particular wavelength range. As a result, the grating efficiency and excitation 
wavelength must be matched for the best signal enhancement.    
 
 
42 
 
3.2.1 Excitation Wavelength 
 A Raman system is designed to maximize the collection of scattered light. To detect the 
weak Raman scattering phenomenon, a laser source is used to excite the sample. The required 
laser power depends on the scatter efficiency of the laser (    expressed as: 
 
      
     
    
        (Equation 3.1) 
 
 
 where    is the  incident light intensity,   is the polarizbility of the molecular scatters,  is the 
number of scatters, R is the distance between the scatters and the observer,   is the scattering 
angle, and   is the wavelength of the incident light [88].  The wavelength of the excitation light is 
of particular importance, as its contribution to the intensity is significant. Shorter wavelengths 
are more efficient at scattering, and require less power for Raman scattering measurements 
than do lasers with longer wavelengths. The graph below shows the wavelength dependent 
scattering relationship. As shown in Figure 3.2, the scattering intensity is proportional to 1/   , 
making the wavelength contribution to scattering its most significant factor. 
 There are additional factors to consider when selecting a laser wavelength, such as 
sample autofluorescence and laser penetration depth. Both of these factors can influence 
sample measurements, especially when working with biological samples. NIR lasers will 
experience reduced autofluorescence and increased sample penetration.  Additionally, the laser 
wavelength will influence the spatial resolution of the Raman system, because the diffraction 
limited beam diameter of a focused laser beam will be directly related to the wavelength of the 
excitation source. These factors are especially important for Raman microscope applications and 
point mapping, where a small laser spot size and high spatial resolution are required for site-
specific Raman detection. 
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 Figure 3.2: Wavelength Dependence of Light Scattering. The light scattering intensity is 
 dependent on the wavelength of the incident light. Higher scattering intensity will be 
 experienced with higher energy light sources [88]. 
 
 Figure 3.3 Fluorescence Baseline and Excitation Wavelength. The optical response of 
 SERS probe nanoparticles labeled with 4-aminothiolphenol (4-ATP) were evaluated with 
 two different excitation sources (532nm and 785nm). The spectrum acquired at 532nm 
 shows an increasing fluorescence baseline while the spectrum acquired with 785 nm  
 excitation shows very little fluorescence. 
 
Raman Shift [cm-1]
44 
 
 When acquiring Raman spectra of cells and tissues, NIR lasers are typically used for 
sample excitation. NIR lasers are favored because sample auto-fluorescence occurs more readily 
when visible light is used to excite the sample. Fluorescence is an electron absorption process 
that competes with Raman scattering. As a result, increased Raman scattering will typically 
occur when NIR excitation is used because fluorescence is decreased. Figure 3.3 illustrates the 
decrease in Raman scattering intensity that occurs due to fluorescence. This figure shows the 
Raman spectrum of SERS probe nanoparticles acquired at both 785 and 532 nm excitation. The 
spectrum acquired with 532 nm excitation shows significant fluorescence as seen by the steadily 
increasing baseline, while the spectrum acquired at 785 nm shows a much smaller fluorescence 
baseline and increased Raman scattering. In some cases, the effects of fluorescence can also be 
reduced using SERS. SERS substrates and nanoparticles often produce the highest enhancement 
at specific excitation wavelengths. This effect can be used to overcome the diminished Raman 
scattering caused by fluorescence.  
3.2.2 Spectral Resolution 
  The spectral resolution of a Raman system defines the minimum distance between two 
Raman peaks at which those peaks can both be distinctly observed. Systems with high spectral 
resolution can distinguish Raman peaks that are very close together. This ability is important for 
Raman studies involving hydrogen bonding [139], protein folding [140], molecular 
polymorphism [141], stress and strain measurements [142], and shock-induced structural and 
chemical changes [143, 144]. Figure 3.4 shows the spectrum of polystyrene acquired with 
different spectrometer slit widths (A 2000μm, B 1500μm, C 1000μm, D 500μm, and E 50μm slit 
width). The spectral resolution is directly related to the slit width. Notice that the two 
characteristic polystyrene peaks at 851nm and 854nm are no longer differentiable once the slit 
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width reaches 2000 μm. Other factors that influence the spectral resolution include the 
spectrometer focal length, the grating groove density, the laser wavelength, and the detector 
pixel size. 
3.2.3 Spectral Range 
 Spectrometers with a high spectral resolution normally have a very small spectral range 
over which the Raman signal can be acquired. This is because a diffraction grating capable of 
high spectral resolution will disperse the light widely across the detector. When this occurs, only 
a small portion of the entire spectrum can be visualized at once. To obtain a Raman spectrum 
over a large range with a high spectral resolution grating, multiple spectra are acquired at 
different center wavelengths. The center wavelength is the wavelength that falls onto the 
center of the detector after grating dispersion. By sequentially adjusting the grating angle (and 
as a result the center wavelength), a large spectral range can be achieved with high spectral 
resolution. 
 Figure 3.4 Spectral Resolution as a Function of Slit Width. The spectral resolution of a 
 spectrometer is a function of the spectrometer slit width. Increased slit width results in 
 decreased spectral resolution and inability to distinguish spectral peaks (A 2000μm, B 
 1500μm, C 1000μm, D 500μm, and E 50μm slit widths). 
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3.2.4 System Sensitivity 
 The system sensitivity is dependent on the spectral throughput of the spectrometer, the 
detector sensitivity, and the Raman activity of the specific molecule being evaluated. The 
spectral throughput of the system describes the number of photons that can pass through the 
system and hit the detector at a given exposure time. Figure 3.5 shows that as the spectrometer 
slit width increases the spectral throughput also increases. Note that while the exposure time 
remains the same, the total photon count increases and spectral resolution decreases with 
increasing slit width. Additionally, the spectral throughput depends on the quantum efficiency 
of the grating. The quantum efficiency describes the probability that an electron will be 
generated in response to an incident photon. The spectrometer gratings are designed to have 
optimal quantum efficiency at a specified wavelength, so a grating that has an optimal quantum 
efficiency in the range of interest should be selected [145]. 
 Figure 3.5 Spectral Throughput Increases With Increasing Spectrometer Slit Width. The 
 increasing slit width will result in an increase in the spectral throughput of the system at 
 the expense of spectral resolution. 
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 The sensitivity of the detector is also an important parameter to consider. Detector 
sensitivity is determined by the detector quantum efficiency and the signal-to-noise ratio (SNR) 
[145]. Detector quantum efficiency is generally wavelength dependent so it is important to 
select a detector that is sensitive to the specific wavelength range of interest [145]. Additionally, 
the detector quantum efficiency can be improved by the addition of an anti-reflection coating 
on the detector surface [145]. Raman signals are often weak and can be difficult to distinguish 
from the background noise. To increase Raman system sensitivity it is also important to increase 
the SNR. The SNR can be improved by cooling the detector to remove dark noise caused by 
thermally generated current [146, 147].     
 The final parameter that determines system sensitivity is the Raman activity of the 
molecules being evaluated. For a molecule to be Raman active, it must have vibrational and 
rotation modes that cause a change in its molecular polarizability. Raman-active molecules 
experience a net change in the molecular polarizability in response to monochromatic 
excitation. This net change in molecular polarizability will result in vibrational activity of the 
molecule and in subsequent inelastic light scattering. Because the Raman intensity will vary for 
different molecules, it is best to determine how Raman-active a molecule is by testing its Raman 
response. To gauge the system sensitivity, a serial dilution of the Raman active molecule can be 
tested. An estimate of the lower detection limit of the system can be made by determining the 
lowest concentration of samples can be detected. This procedure can be done for molecules 
with no extra Raman enhancement or can be done using enhancement techniques such as SERS 
or resonance Raman. In the following paragraphs, initial experiments to determine system 
sensitivity for a variety of molecules with and without enhancement techniques are mentioned. 
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 Table 3.1: Commercial Raman System Specifications. The Raman systems listed here 
 were investigated to determine the most appropriate system for surface-enhanced 
 Raman experiments. Note: Systems indicated with * were evaluated as demo units 
 from the listed companies or samples were sent for evaluation. 
 
 
3.3 Raman System Evaluation and Initial Experiments 
 In the process of comparing Raman sensitivity, several commercial Raman systems were 
evaluated. Each system was compared based on the factors mentioned above (fluorescence 
rejection, spectral resolution, spectral range, and sensitivity) and on practical factors such as the 
user interface, laser safety, and system flexibility. Table 3.1 shows a list of manufacturer 
specifications for several commercially available Raman systems that were investigated for this 
thesis.  
 Figure 3.6 System Sensitivity and Fluorescence Baseline Subtraction. The intensities of 
 fluorescein Raman peaks were compared after baseline subtraction to determine 
 Raman system sensitivity. 
 
Raman System Producer Laser Wavelength Maximum 
Laser Power
Spectral 
Resolution 
(cm-1)
Spectral 
Range 
(cm-1)
Price Notes
PeakSeeker Pro Algitron 785 nm 300 mW 6 200-2000 $ Benchtop System
Advantage 785* SciApps 785 nm 120 mW 3-5 100-2500 $ Benchtop System
Inspector 785* SciApps 785 nm 300 mW 6-8 175-2875 $ Handheld System
Agility 785* BaySpec 785 nm 450 mW 6-9 100-2300 $ Benchtop System
DXR Smart* Thermofisher 780 nm 150 mW 3-5 50 - 3500 $$ Benchtop System
Examiner 785* SciApps 785 nm 120 mW 5 200-2000 $$ Microscope System
Normadic 785* BaySpec 785 nm 100 mW 4-5 100-3200 $$ Microscope System
inVia Raman Microscope* Renishaw 785 nm 100 mW 0.5 100-3600 $$$ Microscope System
DXR Smart Microscope Thermofisher 780 nm 150 mW 3-5 50 - 3500 $$$ Microscope System
Polynomial Fit 
and Baseline 
Subtraction
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3.3.1 System Sensitivity and Fluorescence Rejection 
 As a measure of system sensitivity and fluorescence rejection, fluorescein, a molecular 
chromophore, was evaluated on several of the systems presented above. Dyes such as 
fluorescein are often used in SERS due to their ability to produce strong resonance 
enhancement. Resonance Raman enhancement occurs when the electronic transition of the 
chromophore matches the excitation wavelength producing excited state scattering. Fluorescein 
was also chosen because of its tendency to produce fluorescence during excitation. It is 
advantageous to determine how effective the system is at fluorescence rejection by comparing 
the peak heights and fluorescent background produced by each system. Figure 3.6 shows 
sensitivity measurements acquired with the SciApps AdvantageTM Raman spectrometer. The 
results show that the fluorescence background and Raman peak heights are proportional to the 
concentration of the dye. After acquisition of the spectrum, the fluorescent baseline was 
removed using a polynomial fit and subtraction algorithm so that peak highs could be compared. 
 A similar procedure was repeated for each of the systems that were evaluated and a 
lower detection limit was determined for each system. The lower detection limit for the systems 
ranged from 1mM to 100uM. Each system showed strong fluorescence and baseline subtraction 
was required in the data processing of the resulting spectra.   
3.3.2 SERS Substrate Fabrication and Enhancement Effect 
 To evaluate the response of each system to SERS conditions, silver SERS substrates were 
fabricated through galvanic displacement of silver nitrate onto copper. The SERS substrates 
showed significant signal enhancement and fluorescence rejection. The procedure for 
development of these substrates is an adaptation from the paper by Nie and Fang written in 
2002 [148].  
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 The following materials were used for the development of these SERS substrates: silver 
nitrate 99.9% (Alfa Aesar), copper(II) nitrate trihydrate 99.9% (Acros Organics), sulfuric acid, and 
5 mil copper foil samples (Storm Copper Components). Copper foil samples were cut into 1x1 cm 
squares and dipped in 1M sulfuric acid to chemically clean the surface. The samples were then 
rinsed with DI water and dried with N2 gas. The samples were baked for 2 hours at 80˚C to 
create a uniform oxide layer on the surface and were stored in a desiccator until use. A solution 
of 0.1M silver nitrate with trace copper ions (6x10-4 M) was created in DI water. After mixing, 
the solution was applied to the copper surface and a reaction occurred for 60 seconds. During 
the course of the reaction, a thin silver film formed on the copper surface. This film was 
removed by washing the substrate in DI water followed by drying with N2 gas. At this point, the 
substrates were either used immediately or stored in a desiccator for future use. Figure 3.7 
shows the copper substrate surface before and after galvanic displacement. 
 
 
 Figure 3.7 Silver Nitrate SERS Substrates Created by Galvanic Displacement. Using 
 galvanic displacement silver nitrate SERS substrates were created and used to study the 
 SERS spectrum of reporter molecules on their surface. 
Before Galvanic 
Displacement
After Galvanic 
Displacement
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 Figure 3.8 Raman Spectrum of 4-ATP on a Silver Nitrate SERS substrate. Significant  
 Raman signal enhancement was demonstrated using the fabricated silver nitrate SERS 
 substrates. A reporter molecule, 4-ATP, was added to the substrate surface and  Raman 
 measurements were acquired with one second acquisition time.  
 
 The reporter molecule, 4-aminothiolphenol (4-ATP), was applied to the substrate 
surface at a concentration of 0.1M, and the Raman spectrum was acquired with one-second 
acquisition time and ten accumulations. As a control, the Raman spectrum of 0.1M 4-ATP on a 
plain copper substrate was acquired. The resulting spectra shown in Figure 3.8 illustrate the 
significant enhancement that can occur when using SERS. The silver nitrate SERS substrates 
produced greatly increased Raman signal enhancement and very little fluorescence. 
3.3.3 Multiplexing with Raman Spectroscopy 
 Another important parameter that was evaluated using the Raman systems mentioned 
above was multiplexing capacity. The ability to quantify multiple chemicals at the same time 
(multiplexing) is a significant benefit of Raman spectroscopy. When a Raman spectrum of a 
mixture of chemicals is acquired, it will be a composite spectrum with Raman peaks from the 
different constituents of the mixture. The intensity of peaks in the composite spectrum is 
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dependent on the concentration and Raman activity of each constituent. A composite Raman 
spectrum will ideally be a linear combination of its parts. As a result, a composite spectrum can 
be separated using a technique referred to as classical least-square deconvolution [149, 150]. 
Classical least-square deconvolution is a spectral unmixing algorithm that uses a known Raman 
spectrum of several pure substances to unmix a composite spectrum. Alternatively, if reporter 
molecules are chosen so that there are no overlapping peaks, then each reporter can be 
identified by its peak with the largest intensity. This method reduces the complexity of spectral 
unmixing and is resistant to problems associated with mathematical methods such a classical 
least-squares deconvolution which tend to amplify system noise [151]. 
 To evaluate the multiplexing potential of each Raman system, a series of miscible 
solvents were used. The Raman spectra of these solvents were acquired both alone and in 
mixtures. After the Raman spectra were acquired, the individual components of a composite 
spectrum were identified and the relative concentration of each component was compared. 
Figure 3.9A shows a multiplex analysis of ethanol (EtOH), methanol (MeOH), and isopropyl 
alcohol (IPA). When compared to the emission peak of fluorescence (Figure 3.9B), the Raman 
peaks associated with the vibrational modes of EtOH, MeOH, and IPA are much narrower (Figure 
3.9A). The narrow Raman scattering peaks can be used for the concurrent analysis of multiple 
compounds without spectral overlap. These results illustrate the multiplexing advantage of 
Raman spectroscopy. Within a range of 800 cm-1 to 1100 cm-1 (equivalent to 837.6 nm to 859.2 
nm), three different molecules were detected simultaneously. Such multiplexing capabilities 
would not be possible using fluorescence, since the spectral profile of a fluorescent molecule, 
such as the fluorescent antibody AlexaFluor 790 shown above, is much wider than the Raman 
peaks.  
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 Figure 3.9 Demonstration of Raman Multiplexing Capacity. The multiplexing capacity of 
 Raman spectroscopy was demonstrated with mixtures of three separate solvents, 
 ethanol, methanol, and isopropyl alcohol (A). Raman peaks seen in these mixtures are 
 significantly narrower than Alexafluor 790, a near infrared fluorescent dye (B). 
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3.4 Conclusion 
  Several Raman system were compared based on excitation wavelength (Section 3.2.1), 
spectral resolution (Section 3.2.2), spectral range (Section 3.2.3), and system sensitivity (Section 
3.2.4). Using these Raman systems, initial experiments with SERS, and Raman-based 
multiplexing were conducted. It was decided that two Raman microscope systems would be 
needed for the work in our lab, see Figure 3.10. After comparison of commercial Raman 
systems, it was determined that the Renishaw inVia Raman microscope system would provide 
the best results and would fit a variety of research needs in the lab, see Figure 3.10A. The 
decision was also made to construct a custom Raman microscope system, see Figure 3.10B. This 
decision was made based on the expected need for customization in future lab projects. 
Additionally, this approach resulted in significant cost savings and enabled the lab to obtain two 
separate Raman microscope systems. The first system was a 633nm Renishaw InVia Raman 
microscope and the second system was a custom designed Raman microscope system with 
785nm excitation. The design of this custom system will be discussed in the next chapter. 
 Figure 3.10 Two Separate Raman Microscope Systems. After evaluation of several 
 Raman microscope system the decision was made to purchase a Renishaw inVia Raman 
 microscope system (Figure 3.10A). In addition, a custom Raman microscope system 
 was designed and built, and will be discussed in chapter 4 (Figure 3.10B). 
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CHAPTER 4 
DESIGN OF A NEAR-INFRARED RAMAN MICROSCOPE SYSTEM 
4.1 Introduction 
  As an alternative to purchasing a commercial Raman instrument, a cheap and effective 
choice was to design a custom system. There were several advantages to using a custom-built 
system including the ability to adjust the optics based on experimental need. If required, the 
system could be modified to incorporate different excitation wavelengths or a custom 
microfluidics flow cell for high-throughput applications. In addition, the custom instrument 
could be used for dual-modality imaging such as fluorescence or dark field in addition to its 
Raman spectroscopy function. Finally, because the custom system was designed using an 
inverted microscope base and extra-long working distance objective lenses, it could be used for 
imaging and Raman spectrum acquisition of cell culture flasks. To avoid cell and tissue 
autofluorescence, the Raman system was designed for NIR wavelength excitation. To optimize 
the system, the detector, grating, and filters were carefully chosen to match the excitation 
wavelength. The selection of a custom system provided added flexibility and proved to be a 
viable, low cost alternative to purchasing a commercial instrument.  
 The custom system was designed using a Nikon TE2000-S inverted microscope. The 
microscope was adapted by adding a fiber optic laser entry port, which was used to direct the 
785 nm laser beam to the objective lens and scatter light off the sample. The scattered light was 
recollected through the objective lens and passed to the microscope system. Within the 
microscope system, scattered laser light was filtered to remove the Rayleigh scattering 
component. The remaining Raman scattered light was dispersed by the grating mirror found 
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within the spectrometer. Finally, the dispersed light was detected using a thermoelectrically 
cooled CCD detector. The final design provided a spectral resolution of 1.6 cm-1 and a spectral 
range of 300 - 3000 cm-1, and is shown in Figure 4.1. This custom Raman system was used for 
the fabrication SERS probes for biomarker targeting and detection (Chapter 5). 
4.2 System Components 
 There were four critical components in the design of this Raman microscope system. 
These components will be discussed in the following sections: Section 4.2.1 Laser System and 
Entry Port, Section 4.2.2 Microscope and Filters, Section 4.2.3 Spectrometer and Diffraction 
Grating, and Section 4.2.4 Detector Data Processing.     
  
 Figure 4.1: Custom 785nm Raman Microscope Setup. A custom Raman microscope was 
 designed with a 785nm laser, an inverted microscope base, a spectrometer, and 
 detector. 
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4.2.1 Laser System and Entry Port 
 A laser entry port was used to focus the laser onto the sample stage. To do this, a single 
mode 785nm laser with a beam diameter of 0.7mm and a beam divergence of 2mrad 
(Innovative Photonics Solutions) was coupled to a multimodal fiber optic cable (Thor Labs 
M74L01) with a numerical aperture of 0.39 and a core diameter of 400μm. The laser was 
focused onto the fiber optic cable using a plano-convex lens at a distance so that the focused 
beam diameter was smaller than the fiber core and the angle of entrance was less than the 
maximum acceptance angle of the fiber. This procedure increased the transmission efficiency 
because light was not lost through the fiber cladding or through destructive interference. 
 
 Figure 4.2 Focusing of the Laser onto a Fiber Optic Cable. Before laser light entered the 
 microscope, through the laser entry port, it was first focused onto a fiber optic cable 
 using a plano-convex lens. 
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 A filter wheel, with neutral density filters ranging from optical densities of 1 to 6, was 
used to reduce the laser power for low power measurements, alignment, and to protect the 
sensitive CCD detector from damage. After the laser was focused onto the fiber optic (Figure 
4.2), the light was transmitted into the microscope through the laser entry port. The laser entry 
port was positioned on the back of the microscope and was used to align and expand the laser 
beam for Raman spectroscopy. The laser entry port also has a secondary illumination path for a 
mercury lamp source used in fluorescence measurements. This dual function facilitates both 
Raman and fluorescence measurements for the same sample. Figure 4.3 shows the laser entry 
port positioned on the back of the microscope. 
 
 
 Figure 4.3 Laser Entry Port. The laser light was coupled to the microscope base using a 
 laser entry port with an internal beam expander.  
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 Figure 4.4 Filter Blocks and Microscope Filter Turret. Optical filter blocks housed the 
 filters used for Raman spectroscopy. The blocks were placed in a filter turret  
 (Figure 4.4A) so that they could be easily positioned in the optical path. The basic 
 design of a filter block allows three filters to be used simultaneously (Figure 4.4B). The 
 filter block image. 
 
4.2.2 Microscope and Optical Filters  
 Once the laser beam enters the microscope through the laser entry port, it interacts 
with filters within the microscope filter turret. The filter turret is a rotatable tray on the 
microscope base that houses six different filter blocks. It can be rotated to place a new set of 
filters in the optical path. Each filter block can contain up to three different filters: an excitation 
filter, a dichroic beam splitter, and an emission filter [152]. The filter turret and filter blocks are 
illustrated in Figure 4.4A, and Figure 4.4B respectively. 
 To ensure that the sample is excited with monochromatic light at 785nm, the laser 
beam was first passed through a laser line filter (see A in Figure 4.5) which removed any 
resonance modes that are transmitted by the system and Raman scattering from the optical 
fiber [153]. After the laser line filter, the laser beam was transmitted to a long-pass dichroic 
mirror (see B in Figure 4.5). This mirror reflects light that is near the excitation wavelength and 
transmits light that is red-shifted from the excitation wavelength. Laser light was reflected off 
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the dichroic mirror and passed to the objective lens where it was focused on the sample. Light 
was scattered off the sample, and the scattered light was collected by the objective lens and 
transmitted to the dichroic mirror. The Rayleigh scattering component was reflected off the 
dichroic mirror, while the Raman component was transmitted through the dichroic mirror and 
imaged on the spectrometer entrance slit. To ensure that the Rayleigh component had been 
completely rejected, an additional long-pass filter was added to the base of the filter block. This 
filter, traditionally referred to as a Rayleigh filter (see C in Figure 4.5) removed any last traces of 
the Rayleigh component that was not eliminated by the dichroic mirror.  
 
 Figure 4.5 Optical Path and Raman Signal Filtering. Laser light is filtered using a series 
 of optical elements housed in the filter block. These elements include (A) a laser line 
 filter, (B) dichroic beamsplitter, (C) Rayleigh filter. 
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4.2.3 Spectrometer and Gratings 
 The spectrometer was attached to the microscope through a side port. As the scattered 
light exits the microscope, it was directed to the spectrometer entrance slit. The light then 
interacted with multiple mirrors within the spectrometer, including the diffraction grating. The 
diffraction grating is a nanopatterned mirror that is positioned on a motorized grating turret. 
This grating turret allows the user to select a grating that is optimal for the current experiment. 
When the incoming light interacts with the diffraction grating, it is dispersed and then projected 
to the detector for imaging. Figure 4.6 shows the optical light path in the spectrometer 
(Princeton Instruments IsoPlane 160) used in this setup.  
 
 Figure 4.6 Light Path and Diffraction within the Spectrometer. Within the 
 spectrometer, the light is dispersed by the grating mirror and then focused on the CCD 
 detector. 
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 The selection of an appropriate diffraction grating is an important step for optimizing 
the systems spectral resolution, spectral range, and quantum efficiency. Diffraction in a ruled 
grating will occur when light interacts with grooves on the grating surface. The constructive and 
destructive interference patterns that occur during this interaction produce diffraction patterns 
of different orders, shown in Figure 4.7 [154].The zero order (m = 0) diffraction pattern is a 
direct reflection, resulting in no dispersion [155]. The first order (m = ±1 ) diffraction bands 
result in dispersion and are typically the bands imaged by the detector [154]. Higher order 
dispersion bands (-2 ≥ m ≥ 2 ) are more difficult to use for spectroscopy because they tend to 
overlap, resulting in signal error [156]. In addition, higher order diffraction bands have less 
energy than the first order bands, which makes signal visualization difficult. 
  
 Figure 4.7 Dispersion Order and Blaze Angle of a Diffraction Grating. Multiple 
 dispersion bands, or orders (m), are produced when light is dispersed by a diffraction 
 grating. The wavelength for maximum grating efficiency is determined by the blaze 
 angle of the grating (θBLAZE).    
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 To increase the quantum efficiency of the spectrometer, the grating is designed with a 
specific blaze angle (θBLAZE). The blaze angle is the angle between the grating surface and the 
triangular ruled lines that produce diffraction patterns. By selecting a grating with a groove 
density and blaze angle that matches the Raman excitation source, high spectrometer quantum 
efficiency can be achieved. In the case of this Raman microscope system, a grating with 1200 
groves/mm and 750 nm blaze was chosen to optimize spectral resolution and system quantum 
efficiency in the NIR region. Refer to Figure A1 in the appendix for the quantum efficiency curve 
for this spectrometer system.   
4.2.4 Detector and Data Processing 
 Dispersed light from the spectrometer was directed to the detector, a PIXIS 400TM low 
noise CCD detector from Princeton Instruments. The detector was thermoelectrically cooled to a 
temperature of -75˚C. Cooling of the detector increased system sensitivity by reducing the 
amount of dark current in the system. Dark current, is the amount of electrical current that 
passes through the CCD when there are no photons entering the array. Dark current is the main 
source of noise for the detector and can reduce the signal to noise ratio resulting in reduced 
Raman intensities. Lower temperatures reduce the dark current noise and increase the detector 
sensitivity [147]. 
 The detector imaging area is a 1340 x 400 pixel CCD array with a 20μm pixel size. When 
a spectrum is first acquired, it is acquired as a spectral image. To convert the image into a 
traditional Raman spectrum the data must be binned. The binning process increases the signal-
to-noise ratio (SNR) by averaging pixel charge over the rows of the CCD array. There are two 
methods for binning: software binning and hardware binning. Software binning allows the user 
to combine spectral image data after acquisition. This flexibility is important for the setup and 
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alignment of a spectrometer and for unique post processing of spectral image data. In software 
binning, the full spectral image is saved and then post processing is used to combine image 
pixels and increase SNR.  
 In hardware binning, the adjacent pixel charge is combined during readout time. This 
binning process occurs by sequentially shifting the charge down the array rows and combining 
the charge in the readout register (See Figure 4.8). Hardware binning combines the spectral 
image data into a single Raman spectrum. Hardware binning was the most common data 
processing method used when acquiring Raman spectra for this research. The advantage of 
hardware binning is that it occurs during readout time and results in decreased processing time, 
decreased memory requirements, and increased SNR when compared to software binning.  
 
 
 Figure 4.8 CCD Array and Hardware Binning. The detector has a 1340 x 400 pixel CCD 
 array, which is used to detect the light dispersed by the spectrometer. Hardware binning 
 was used to automatically combine adjacent pixel charge values to process a single 
 Raman spectrum in the readout register [157]. 
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4.3 System Calibration, Alignment, and Performance 
 Before operating the Raman microscope system, calibration and alignment were 
performed. System calibration will be discussed in Section 4.3.1, and alignment in Section 4.3.2. 
Once the system was aligned and calibrated, Raman spectrum were acquired and system 
performance was evaluated, Section 4.3.3. 
4.3.1 Raman System Calibration 
 The Raman system was calibrated with Princeton Instruments IntelliCal TM calibration 
source lamps. The lamps were used to calibrate the system for both wavelength and intensity 
accuracy. The wavelength calibration source has a neon-argon bulb with several emission lines 
in the NIR region of the electromagnetic spectrum. To ensure that the system calibration would 
continue to be valid for future Raman measurements, the calibration source was placed on the 
microscope stage so that the calibration source light would  travel the same optical path as the 
Raman scattering. The automatic calibration routine compared the peaks of the neon-argon 
source lamps to neon and argon emission lines from the National Institute of Standards and 
Technology (NIST) atomic spectral database [158, 159]. Through an algorithm based on Rietveld 
refinement [160], the calibration error was assessed and the wavelength assignment was 
adjusted accordingly [159].  
 Intensity calibration was performed using a thermally stable LED source with emission 
lines from 400 – 1100 nm [159]. The intensity calibration source was placed directly at the 
spectrometer entrance slit and the spectral intensity of this source lamp was compared to 
internal intensity standards stored in the device firmware [159]. After intensity comparison, the 
relative peak heights were adjusted accordingly. Intensity calibration was used to correct for 
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peak elongation and spectral stitching artifacts caused by the spectral response of optical 
elements in the Raman system [159].     
4.3.2 Raman System Alignment 
 To acquire accurate Raman spectra, the laser was aligned and focused onto the 
spectrometer plane. Because the laser alignment process requires the direct visualization of 
laser scattering, the laser power at the sample was reduced to less than 1μW. Reduced laser 
power ensured that the optical damage threshold of the sensitive CCD detector was not 
exceeded. To visualize the laser spot scattering, the Rayleigh filter was removed from the filter 
block. By removing the Rayleigh filter, a small portion of the Rayleigh scattered laser light 
entered the spectrometer and hit the detector. The spectrometer grating was positioned so that 
the zero-order diffraction band was imaged by the detector. This positioning resulted in spectral 
reflection off the grating rather than dispersion, which was necessary for visualization of the 
laser spot. The spectrometer entrance slit was opened as wide as possible so that the position of 
the laser spot on the CCD detector could be determined.  
 After the sample was focused using the microscope focal knobs, the minimum laser spot 
size and scattering noise was observed (see Figure 4.9). It was important to first minimize the 
laser spot size so that laser alignment could be accurately performed.  Laser spot alignment was 
achieved using the micrometer knobs on the laser entry port. After the laser spot was centered 
on the CCD array, the slit was closed to a point that the width of the laser spot was only 5-10 
pixels (see Figure 4.9). This process ensured that the laser scattering would be focused on the 
spectrometer entrance slit, even when the slit has a 50μm slit width. Once laser alignment and 
focusing occurred, the system was finally ready for Raman spectrum acquisition.  
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 Figure 4.9 Laser Spot Focus and Alignment. The laser spot was imaged by the CCD 
 detector and was then focused and aligned so that the spot was centered on the 
 spectrometer entrance slit. 
 
4.3.3 Raman System Performance 
 To collect a Raman spectrum, the grating position was changed so that the first order 
diffraction band was imaged by the detector. Specifically, the grating mirror was positioned so 
that the Stokes-Raman shift was within the detector range and the Rayleigh scattering was 
outside the detector range. To do this, the detector center wavelength was set to greater than 
830nm. A center wavelength of 830nm resulted in a spectral range of approximately 790 nm to 
870nm. Once the correct position of the grating mirror was determined, the Raman spectrum of 
polystyrene was acquired (Figure 4.10). The Raman spectrum was acquired as either a spectral 
image or a standard Raman spectrum. If a spectral image was acquired, it was converted to a 
standard Raman spectrum by software binning the image data as described in section 4.2.4.  
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 The spectral image was segmented to increase peak contrast in the resulting standard 
Raman spectrum. Binning and segmentation helped increase the SNR by averaging pixel charge 
and by removing noise generated in the spectral image. To remove image noise, a region of 
interest was created around the Raman spectrum. The region of interest contained only the 
Raman scattering signal and excluded areas on the detector that did not contain Raman 
scattering information. After the region of interest was selected, the Raman spectral image was 
binned and a standard Raman spectrum produced (Figure 4.10). Through segmenting and 
binning, the weak Raman signal was separated from the background noise and Raman peaks 
were identified.  
 
 Figure 4.10 Raman Spectrum Acquisition and Post Processing. By segmenting the 
 Raman spectral image and binning the data a standard Raman spectrum was produced. 
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4.4 Conclusion 
 The design of a NIR Raman microscope system was a challenging task that required 
attention to detail and a methodical approach. The basic concepts of geometric optics and light 
scattering theory were used to design a sensitive Raman microscope system that was used for 
standard Raman spectroscopy and can easily be modified for future applications. In this chapter, 
the four basic components of a Raman microscope system were discussed: the laser entry port, 
the microscope and filters, the spectrometer, and the detector. In addition, the calibration, 
alignment, and performance of this system were presented. In the next chapter, our Raman 
microscope system was used to characterize SERS probes designed for biomarker targeting.  
  
70 
 
CHAPTER 5  
DESIGN OF NEAR-INFRARED SERS PROBES FOR BIOMARKER TARGETING 
5.1 Introduction 
 The design and fabrication of SERS probes for biomarker targeting requires nanoscale 
characterization and optical uniformity. The optical characteristics of SERS probe nanoparticles 
are influenced by a several factors including contamination, fluorescence, aggregation state, and 
reporter density. During fabrication, each of these factors needs to be controlled so that a 
uniform optical response can be achieved. The schema presented in Figure 5.1 illustrates the 
method used for the fabrication of SERS probes. SERS probes were first fabricated without 
antibody conjugation (Route 1 in Figure 5.1). After method refinement, antibody-conjugated 
SERS probes were developed and tested (Route 2 in Figure 5.1) in an immunoassay format. The 
resulting SERS immunoassay shows promise for multiplex biomarker quantification and specific 
targeting and detection in a variety of environmental conditions.  
5.1.1 Challenges of SERS Probe Synthesis 
 For these SERS-based studies, an important challenge that had to be addressed was the 
aggregation potential of the nanoparticles. In their native state, the gold nanoparticle surface is 
encased with a capping agent that prevents aggregation by charge neutralization or by steric 
hindrance. When a nanoparticle solution's ionic potential becomes too high, it can neutralize or 
disrupt the capping layer resulting in charge-induced aggregation of the nanoparticles [161]. The 
aggregation state of gold nanoparticles was determined by observing the color of the 
nanoparticle solution as seen in Figure 5.2. Nanoparticle aggregation causes a shift in the 
particles' LSPR peak and light scattering profile. 
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 Figure 5.1 Schema for the Fabrication of SERS Probe Nanoparticles. SERS probe 
 nanoparticles were first constructed without antibody conjugation (Route 1). After the 
 successful production of unconjugated nanoparticles, antibody conjugation and testing 
 of SERS probes was successfully conducted (Route 2). 
 
 The particle aggregation state is of particular importance for SERS nanoparticles because 
it will have a significant effect on the optical response of the probes. The particle's LSPR peak 
position is directly related to nanoparticle size and electromagnetic properties [162]. Depending 
on the LSPR peak position, aggregation can cause either a decrease in the SERS intensity [163] or 
an increase in the SERS intensity [164]. This phenomenon can be explained by considering the 
trade-off between increased SERS intensity caused by plasmon resonance enhancement and hot 
spot formation [165] verses the decreased SERS intensity caused by the excitation of non-
radiative modes in large nanoparticle aggregates [166]. In the case of SERS probes development 
for biomarker targeting, aggregation was avoided, as it interfered with antibody binding. 
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 Figure 5.2 Aggregation of Gold Nanoparticles. These images show the change in 
 nanoparticle color upon addition of a 0.15M solution of sodium chloride. The 
 progressive change in color can be directly correlated to the formation of nanoparticle 
 aggregates. 
 
 To avoid aggregation, it is important to use ultra pure water (18 MΩ-cm resistivity) 
when working with gold nanoparticles. Using ultra pure water minimizes the potential for 
aggregation and promotes consistent and repeatable results. However, the use of ultra pure 
water can have an adverse effect on the structural and functional properties of antibodies 
during conjugation. Ultra pure water will induce protein conformational changes and insolubility 
[167, 168]. Because of this tendency, the conjugation of proteins to the nanoparticle surface 
becomes a balancing act between aggregation potential and protein stability. The ionic strength 
of the gold nanoparticle solution during conjugation must remain high enough to promote 
protein stability without causing nanoparticle aggregation. Step-by-step characterization of the 
gold nanoparticles during fabrication was used to ensure that this balance between aggregation 
potential and protein stability was maintained.  
5.1.2 Characterization Methods 
 Characterization methods during each synthesis step were critical for the development 
of effective and repeatable SERS probes. To develop reproducible SERS probes, the following 
characterization techniques were used: Raman spectroscopy (633 nm and 785 nm), dynamic 
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light scattering (DLS), UV/Vis spectroscopy, zeta potential, atomic force microscopy (AFM), 
scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM), and gel 
electrophoresis. The following characterization techniques were used to provide information 
about the particle size and the particle’s optical response: UV/Vis spectroscopy, DLS, and Raman 
spectroscopy. 
 UV/Vis spectroscopy is a technique that detects absorption of ultraviolet and visible 
light by molecules or nanoparticles. The absorption profile can be used to detect many 
molecular characteristics, including the presence of double bonds. UV/Vis spectroscopy is 
particularly useful for quantification of plasmonic nanoparticles because it can be used to detect 
their LSPR response. UV/Vis spectroscopy was used to assess the magnitude of the LSPR 
response and aggregation state of the gold nanoparticles after each step in the fabrication 
process. The LSPR response is characterized by a maximum absorption point (or LSPR peak) 
found in the range of 520 – 560 nm. The position of the LSPR peak can be used to estimate the 
relative size of the nanoparticles as well as their surface state. Additionally, the width, height, 
and position of the LSPR peak can be used to estimate the aggregation state of the 
nanoparticles. In Figure 5.3, the LSPR peak shape of 60nm gold nanoparticle is shown.  
 DLS was used to determine the size and monodispersity of gold nanoparticle solutions 
during the fabrication process. DLS characterizes a solution of particles based on light scattering 
variation caused by nanoparticle Brownian motion [169]. Due to Brownian motion, the 
scattering photons interact through constructive and destructive light interference [170]. These 
interference patterns can be correlated to the average hydrodynamic radius and particle size 
distribution [170]. DLS measurements were used for the characterization of particle size 
throughout the fabrication process. Particle size was also measured using AFM and SEM/STEM. 
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 Figure 5.3 UV/Vis Characterization of Gold Nanoparticle LSPR Peak. The localized 
 surface plasmon resonance (LSPR) peak response can be used to determine multiple 
 characteristics of gold nanoparticles including their aggregation state. 
 
 Raman spectroscopy was used throughout the fabrication process to determine the 
optical response of the nanoparticles. Step-by-step characterization of the optical response was 
important for the development of a fabrication process that would prevent Raman reporter 
displacement or inactivation. Additionally, Raman spectroscopy was used for the selection of an 
appropriate Raman reporter molecule with reduced fluorescence, a strong Raman signal, and 
Raman peak positions unique from Raman peaks seen in polystyrene. Unique and non-
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overlapping peaks were important because polystyrene substrates were used for protein 
binding and SERS immunoassay development.  
5.2 Design and Characterization of SERS Probes without Antibody Conjugation 
 Before attempting to conjugate antibodies to the surface of SERS probe nanoparticles, 
the optical response of unconjugated SERS probes was assessed (see Route 1). Unconjugated 
SERS probes have been used for a variety of labeling, and multiplexing applications [80, 171, 
172]. The development of unconjugated SERS probes was critical for future SERS probe antibody 
conjugation but also has potential for unique, label free biosensing.  
5.2.1 Materials and Methods 
 In the preparation of unconjugated SERS probes the follow materials were obtained: 
citrate capped, 60nm gold nanoparticles (Ted Pella), 5000MW thiol polyethylene glycol (PEG) 
(from Laysan Bioscience), 4-aminothiolphenol (4-ATP), 4-mercabtobensoic acid (4-MBA), crystal 
violet, malachite green, (3,3′)-diethylthiatricarbocyanine iodide (DTTC iodide), quartz 
microscope slides (Ted Pella). 
 To fabricate unconjugated SERS probes, the aggregation potential of each reporter 
molecule was first determined. Raman reporters such as 4-ATP and 4-MBA bind to the particle 
surface through the gold thiolate bond and stabilize the particle surface. Crystal violet, 
malachite green, and DTTC iodide bind to the surface through ionic interactions so reporter 
aggregation is more likely with these reporters. For each Raman reporter, a stable reporter-to-
colloid ratio was determined and was used in subsequent experiments. For reproducible 
production of SERS probe nanoparticles, 60nm gold nanoparticles, at a concentration of 2.6x1010 
nanoparticles per milliliter, were added to a clean glass vial and were rapidly stirred with a 
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magnetic stir bar. The reporter molecule was added dropwise to the stirring colloid solution at 
1:6 volumetric ratio. This reporter addition procedure helped to create a uniform reporter 
distribution across the nanoparticle surface and reduced batch-to-batch variability. The reporter 
solution incubated with gold nanoparticles for 1 hour to promote surface binding. After 
incubation, a 10μM solution of 5000 molecular weight thiol polyethylene glycol (SH-PEG) was 
added to the solution and incubated for an additional hour. Finally, the particles were 
centrifuged at 1200xg for 30 minutes and the supernatant was removed. The particles were 
suspended in ultra pure water and stored at 4˚C until optical testing.       
5.2.2 Raman Reporters and Aggregation Characteristics 
 The Raman spectrum of each reporter molecule was analyzed using either 633nm or 
785nm excitation. The normalized reporter spectra are presented in Figure 5.4 with a spectral 
range of 400 – 1200 cm-1. To determine the best reporter molecule for immunoassay 
development, the Raman spectrum of each reporter molecule was compared to the spectrum of 
polystyrene. Spectra with high SERS intensity and little or no polystyrene peak overlap were 
considered good candidates for the development of a SERS based immunoassay.  
 The aggregation potential of each reporter molecule was determined by adding the 
reporter to a solution of gold nanoparticles in varying concentrations ranging from 0 to 5000nM. 
UV/Vis spectroscopy was used to analysis the LSPR peak for each nanoparticle solution. An 
example of the LSPR peak profile of gold nanoparticles with the reporter molecule DTTC iodide 
is presented in Figure 5.5. In this figure, the increasing LSPR peak width and decreasing LSPR 
peak intensity indicated that particle aggregation had occurred. The cluster size of nanoparticle 
aggregates was estimated using DLS; DLS data is presented in the top right corner of Figure 5.5. 
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 Figure 5.4 Raman Reporter Spectra. Five commonly used Raman reporters were tested 
 to determine their Raman intensity and their aggregation potential. 
 
 The Raman intensity of each reporter is dependent on the reporter density, the SERS 
enhancement, the Raman instrument throughput, and the aggregation state of the 
nanoparticles. After experimenting with the five Raman reporter molecules, it was determined 
that DTTC iodide produced the strongest Raman enhancement with the shortest required 
acquisition time. A strong optical response with a short required acquisition time was an 
important factor for the eventual development of a SERS immunoassay. Reporter molecules that 
require a short acquisition time were beneficial because they resulted in reduced interference 
caused by the polystyrene substrate. The strong optical response of DTTC iodide can be 
explained when considering its maximum absorption point. DTTC iodide is a NIR dye with an 
absorption maximum at 765nm. Because DTTC iodide has a maximum absorption point near the 
laser excitation wavelength, Resonance Raman Enhancement will occur in addition to SERS. The 
Resonance Raman Effect results in increased Raman enhancement and reduced acquisition 
time.  
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 Figure 5.5 Aggregation of Gold Nanoparticles (AuNP) After the Addition of DTTC 
 Iodide. The aggregation potential of 60nm gold nanoparticles was determined by adding 
 DTTC iodide to the gold nanoparticle solution and observing the LSPR peak profile of the 
 particles. DLS data shows that the particle size and percentage monodispersity 
 increased as greater concentrations of DTTC iodide were added to the gold nanoparticle 
 solution.  
 
5.2.3 Thiol PEG Binding Density 
 After binding the Raman reporter to the gold nanoparticle surface, a 5000 molecular 
weight SH-PEG layer was added to surface. To test the gold nanoparticles ability to resist 
aggregation, a solution of 0.15 M sodium chloride was added to the SH-PEG nanoparticle 
mixture to promote aggregation of unprotected particles. The LSPR peak intensity was 
measured before and after addition of the sodium chloride. The resulting difference in the 
absorption at the LSPR peak position was measured to determine the SH-PEG concentration 
0
0.1
0.2
0.3
0.4
0.5
400 500 600 700
A
b
so
rb
an
ce
 [a
.u
.]
Wavelength [nm]
2000 nM DTTC AuNP
775 nM DTTC AuNP
600 nM DTTC AuNP
425 nM DTTC AuNP
250 nM DTTC AuNP
0 nM DTTC AuNP
DLS Data Average Particle 
Radius (nm) 
% Monodispersity
0 nM DTTC AuNP 27.02 18.4
250 nM DTTC AuNP 33.9 26.3
425 nM DTTC AuNP 60.15 36.6
600 nM DTTC AuNP 183.76 Multimodal
79 
 
required to stabilize the particles. A large difference in the LSPR peak intensity indicates that 
aggregation of the particles occurred. Figure 5.6 shows that the amount of SH-PEG required to 
effectively stabilize the particle surface is approximately 2uM. The PEG binding density was 
calculated using the concentration of gold nanoparticles in the solution and the concentration of 
SH-PEG required to stabilize the particles. The number of SH-PEG molecules required to stabilize 
the particle surface was approximately 20,000 SH-PEG molecules per nanoparticle. This value 
corresponds to a SH-PEG footprint (area occupied by the SH-PEG molecule on the nanoparticles 
surface) of 0.244 nm2 which is consistent with the footprint value of 0.214 nm2 reporter for thiol 
monolayer's on a gold surface [173, 174].  
 
 Figure 5.6 SH-PEG Nanoparticle Stabilization. The amount of SH-PEG required to 
 stabilize the gold nanoparticle surface was measured by comparing the difference in 
 absorption at the LSPR peak for PEG stabilized gold nanoparticles before and after the 
 addition of 0.15 M sodium chloride. 
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 As an additional confirmation of the successful addition of SH-PEG to the nanoparticle 
surface, the average hydrodynamic radius of the particles was measured before and after 
addition of SH-PEG using DLS and STEM. For STEM analysis, the PEG-coated gold nanoparticles 
were centrifuged at a speed of 1200xg for 30 minutes. After centrifugation, the supernatant was 
removed and the particles were redispersed in 100% ethanol. The resulting nanoparticle 
suspension was dried on a lacey carbon grid (Ted Pella), and imaged with the SEM microscope in 
transmission mode. Figure 5.7A is a STEM image showing a nanoparticle corona, suggesting a 
PEG layer has assembled around the particle. Due to concerns with SEM carbon contamination, 
which can also produce a corona like layer around conductive structures, DLS was used for the 
determination of PEG layer thickness (Figure 5.7B). Using DLS, the hydrodynamic radius of gold 
nanoparticles was measured before and after PEGylation. An average increase in the 
hydrodynamic radius of 16nm was observed resulting in a final radius of approximately 50nm. 
 
 Figure 5.7 PEG Layer Thickness Determined by STEM and DLS. Both STEM and DLS were 
 used to determine the thickness of the PEG layer on the gold nanoparticles surface. An 
 average increase in the hydrodynamic radius of 13nm was observed after the addition 
 of SH-PEG to the particles.  
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5.2.4 SERS Probe Stability and Signal Robustness 
 One issue that must be addressed during the fabrication of SERS probes is the possibility 
of Raman reporter displacement, as illustrated in Figure 5.8. Excess SH-PEG added to the particle 
surface could cause reporter displacement and a decrease in the SERS signal. Reporter 
displacement could also be mediated by a change in solvents, which could alter the PEG 
conformation and enable leaching of the reporter. To address these concerns, five replicates of 
DTTC iodide SERS probes were fabricated, excess SH-PEG was removed by centrifugation, and 
probes were stored at 4˚C for two weeks. Raman testing of these probes before and after 
addition of SH-PEG was conducted to determine if a decrease in the SERS signal would result. 
The resulting spectra, shown in Figure 5.9, have nearly identical peak heights suggesting that 
very little reporter displacement occurred due to the addition of SH-PEG and to SERS probe 
storage. 
 
 
 Figure 5.8 Raman Reporter Displacement. Raman reporter molecules can be 
 competitively displaced during SERS probe synthesis. SERS probe stability testing is 
 critical in the development of a fabrication protocol that avoids reporter displacement. 
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 Figure 5.9 SERS Probe Raman Reporter Displacement. After DTTC Iodide SERS probe 
 fabrication and storage, very little reporter displacement was observed. These results 
 suggest that the protocol for SERS probe fabrication is effective at preserving the 
 bound reporter molecule and stabilizing the reporter on the particle surface.  
  
 Similar results were obtained when probes were resuspended in a variety of different 
solvents commonly used with proteins, including; phosphate buffer saline (PBS), tris buffered 
saline (TBS), and tris buffer saline with 0.05% tween 20 (TBST). To test the ability of SERS probes 
to give a noticeable signal in extreme conditions, the probes were resuspended in solutions 
ranging from pH 1-14. The resulting spectra had similar spectral profiles and all gave a strong 
and noticeable signal.  
5.2.5 Summary and Findings from the Fabrication of Unconjugated SERS Probes 
 Unconjugated SERS probes were fabricated as indicated in Route 1, Figure 5.1. These 
probes were tested to determine the optimal Raman reporter molecule and reporter 
concentration. Additionally, unconjugated SERS probes were evaluated to determine the 
optimal SH-PEG binding density. Unconjugated SERS probes fabricated using this method are 
robust and produce a consistent SERS response during probe development and over time. The 
The Raman spectra of SERS probes shows minimal reporter displacement
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initial development and characterization of unconjugated SERS probes was an important step in 
the development of a SERS-based immunoassay for biomarker targeting and detection.  
5.3 Design and Characterization of SERS probes with Antibody Conjugation 
 Antibody-conjugated SERS probes were created as illustrated in Route 2, Figure 5.1. To 
develop SERS probes for specific targeting and detection, antibodies were conjugated to active 
PEG molecules. Antibody-PEG conjugation was followed by the addition of the antibody to the 
gold nanoparticle at concentrations that result in stability of the antibody and reduced 
aggregation potential for the gold nanoparticles. Successful antibody conjugation was 
determined using a 96-well immunoassay format for detection of light scattering from gold 
nanoparticles bound to the plate through immunochemistry.  
5.3.1 Materials and Methods  
 All reagents mentioned in section 5.2.1 were used during the fabrication of conjugated 
SERS probe nanoparticles. In addition, the following items were obtained for this portion of the 
project: An activated PEG-NHS-ester molecule referred to as Orthopyridyl-Disulfide-PEG-
Succinimidyl Valerate (OPSS-PEG-SVA) [Laysan Bioscience], anti-human and anti-mouse IgG 
polyclonal antibodies (Pierce), human and mouse IgG control antibodies (Pierce), human serum 
albumin (Sigma Aldrich) , medium and high protein binding polystyrene microplates (Corning), 
AAA SuperblockTM immunoassay blocking solution (ScyTek), 10K MWCO Zeba Spin buffer 
exchange columns (Pierce), sodium bicarbonate, barium chloride dihydrate, and 1 N 
iodine/iodide solution.  
 Before conjugation of OPSS-PEG to the antibody, the protein was first transferred to a 
buffer solution of 100mM sodium bicarbonate. After buffer exchange, OPSS-PEG-SVA was added 
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to the protein solution and the reaction proceeded overnight at 4˚C. Further information about 
the conjugation reaction can be found in Section 5.3.2. The conjugation effectiveness was 
determined by SDS-PAGE gel electrophoresis. Two separate stains were used to visualize the 
PEGylated proteins. The first stain used was a Coomassie blue protein stain to visualize the 
protein bands in the SDS-page gel. The second stain was a barium chloride-iodine stain, which 
selectively stains for the PEG molecules bound to the protein surface. See Section 5.3.3 for 
further information and results for SDS-PAGE of PEGylated proteins. Following protein PEG 
conjugation, the PEGylated antibodies were bound to the Raman reporter labeled gold 
nanoparticles. SH-PEG was used to stabilize the particle surface and the antibody-conjugated 
SERS probes were stored at 4˚C until use in the immunoassay. Section 5.3.4 covers the methods 
and results for the development of antibody-conjugated SERS probes used for a light scattering 
immunoassay.   
5.3.2 NHS-Ester Chemistry for PEG Antibody Binding 
 The first step in the fabrication of conjugated SERS probe nanoparticles was the binding 
of PEG to a polyclonal antibody using an activated NHS-ester PEG molecule. This chemical 
reaction occurs spontaneously upon the addition of PEG-NHS to the protein solution. At the 
same time, the PEG-NHS molecule can be hydrolyzed which reduces conjugation efficiency 
(Figure 5.10). To reduce NHS-ester hydrolysis the PEG-NHS reagent should be immediately 
added to the protein solution after resuspension. During the conjugation reaction, the protein 
concentration should be greater than 1mg/ml to promote conjugation rather than hydrolysis. 
The conjugation reaction produces a covalent amide bond between the PEG molecule and 
primary amines on the protein surface. The reaction has a higher yield at a pH of approximately 
8 – 9, so for most protein solutions the pH must be adjusted for optimal conjugation efficiency.  
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 Figure 5.10 PEG-NHS Chemical Reaction. The addition of PEG-NHS to a highly 
 concentrated protein solution results in the covalent binding of the PEG molecule to 
 primary amines in the protein. Hydrolysis of the activated NHS-ester is a competing 
 reaction that reduces the conjugation efficiency. 
 
 
 
 Figure 5.11 Hydrolysis Half-Life of OPSS-PEG-SVA. The hydrolysis half-life of OPSS-PEG-
 SVA was determined by measuring the absorbance at 260nm for a 2.5-hour period. A 
 hydrolysis half-life of approximately 20 minutes was determined, which corresponds to 
 the manufacturer's specifications. 
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 Another important consideration for the antibody PEG conjugation reaction is the 
hydrolysis half-life of the activated PEG molecules. The hydrolysis half-life was measured by 
recording the absorbance of the NHS leaving group at 260nm. By measuring the hydrolysis half-
life, the amount of time required for a complete reaction was determined. In Figure 5.11, the 
absorbance of the NHS leaving group at 260nm was measured to determine the hydrolysis half-
life of OPSS-PEG-SVA. The resulting hydrolysis half-life was determined to be approximately 20 
minutes, which corresponds to the manufacturer's specifications.  
5.3.3 SDS-PAGE Gel Electrophoresis of PEGylated Proteins 
 SDS-PAGE gel electrophoresis separates proteins based on their molecular weight. 
When an electrical current is applied to the gel, proteins will migrate through the gel towards 
the electrode on the opposite side. Proteins with a larger molecular weight migrate a short 
distance while proteins with a smaller molecular weight travel a longer distance. PEGylation of 
the proteins produces a protein conjugate with a larger molecular weight, which can be 
observed in the migration pattern of the protein when run on a SDS-PAG gel.   
 To determine the conjugation efficiency, OPSS-PEG-SVA at a concentration of 10 mg/ml 
was added to a 2 mg/ml anti-Human IgG protein solution in molar conjugation ratios of 1:1, 2:1, 
4:1, 6:1, 8:1, 10:1, and 15:1. The conjugation reaction proceeded overnight at 4˚C after which 
the PEGylated proteins were evaluated using SDS-PAGE gel electrophoresis. First, a 7.5% 
polyacrylamide gel was prepared using a BioRad TGX Fast CastTM gel casing kit. The PEGylated 
proteins were prepared with non-reducing lithium dodecyl sulfate sample buffer (Pierce) and 
placed in a water bath at 100˚C. After cooling, the PEGylated proteins were loaded into the wells 
of the gel and the gel was run for 75 minutes at 150V using Tris-HEPES-SDS Running Buffer. After 
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75 minutes, the gel was stained using Coomassie Blue protein stain. Following protein staining, 
the gel was stained for PEG using 5% w/v barium chloride dissolved in 1N hydrochloric acid 
[175]. Following barium ion diffusion, the gel was placed in a 0.1M solution of iodine/iodide and 
incubated for 20 minutes to develop color [176], [175]. The resulting gel is shown in Figure 5.12. 
The blue/green bands are from protein staining while the brown bands are a result of PEG 
staining. The gel shows increasing molecular weight and increased PEG staining as a function of 
the increased conjugation ratio. 
 
 Figure 5.12 SDS-PAGE Gel of PEGylated Protein Conjugates. A SDS-PAGE Gel was 
 stained for protein using Coomassie Blue and for PEG using a barium-chloride-iodine 
 solution. The PEGylation reaction was run at varying PEG to protein ratios ranging from 
 15:1 – 1:1. The brown iodine stain and increasing molecular weight of the protein 
 conjugates indicates successful PEGylation. 
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5.3.4 Development of a SERS Probe Light Scattering Immunoassay 
 A SERS probe immunoassay was developed using PEGylated proteins with the same 
conjugation ratio as those used for the SDS-PAGE gel. First, 60nm gold nanoparticles were 
concentrated by centrifugation to a final concentration of 2.6x1011 nanoparticles/ml. Following 
concentration, a solution of 1.5μM DTTC iodide was added to the particle surface and the 
solution incubated for 1 hour. After incubation, PEGylated antibodies were added to the 
nanoparticle solution at a ratio of 200 antibodies per nanoparticle. Antibody binding to the gold 
surface was mediated by the disulfide group of OPSS-PEG, which strongly binds to the gold 
surface. PEGylated antibodies were incubated with the gold nanoparticles for 1 hour. The 
nanoparticles were stabilized and blocked against non-specific protein binding using SH-PEG. SH-
PEG was added to the gold nanoparticles surface at a concentration of 10uM and was incubated 
for 10 minutes. It was then removed from the solution by centrifugation at 5000xg for 15 
minutes.  
 The schema for development of a SERS immunoassay is illustrated in Figure 5.13. A 
medium protein binding 96-well polystyrene plate surface was functionalized with Human IgG 
control protein at a concentration of 50ug/ml (Figure 5.13., Step 1). After antigen binding, the 
plate was washed with 1x TBST buffer (Figure 5.13., Step 2) and 100ul of AAA superblock was 
added to each well (Figure 5.13., Step 3). SERS probe antibodies were added to the first column 
in each well and a 1:2 serial dilution of these probes was made down each column (Figure 5.13., 
Step 4). The antibodies were incubated for 2.5 hours and then washed with 1x TBST buffer 
(Figure 5.13., Step 5). Finally, light scattering from the assay was detected using UV/Vis 
spectroscopy and Raman spectroscopy (Figure 5.13., Step 6). 
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 Figure 5.13 Light Scattering Immunoassay. Using light scattering processes, a sensitive 
 direct immunoassay has been developed. Steps 1 through 6 illustrate the process of 
 preparing this light scattering immunoassay. 
 
 The addition of high molecular weight PEG molecules to antibodies can interfere with 
the antibody function [177]. To test the effect of PEG interference on antibody function, SERS 
probes were fabricated with PEG to antibody molar conjugation ratios of 1:1, 2:1, 4:1, 6:1, 8:1, 
10:1, and 15:1. These SERS probes were used in the immunoassay format described in Figure 
5.13. The resulting assay shown in Figure 5.14 demonstrates that for conjugation ratios as high 
at 15:1 there is very little PEG inference. When compared to the control condition (Row A, 
Figure 5.14) there is significant immunochemical binding in rows B-H. This assay demonstrates 
the successful development of SERS probes for biomarker targeting and detection.  
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 Figure 5.14 Light Scattering Immunoassay Titration. This immunoassay plate 
 demonstrates that specific binding of the human IgG SERS probes was achieved. 
 PEGylation ratios up to 15:1 have minimal interference on the binding ability of the 
 Human IgG SERS probe. 
 
 To further quantify the SERS probe immunoassay, measurement of light scattering was 
acquired using UV/Vis spectroscopy and Raman spectroscopy. UV/Vis spectroscopy was used to 
measure the absorbance of each well at the LSPR peak position (536 nm). In a typical assay, the 
absorbance at the LSPR peak could be correlated to the concentration of SERS probe particle 
using non-linear regression.  This relationship is consistent with binding site limited antibody 
adhesion that is experienced at high concentrations of secondary antibody in a typical ELISA 
assay [178]. In Figure 5.15, the calibration curve for an anti-mouse SERS probe immunoassay is 
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shown. This assay used two control conditions. The first control was SERS probes with a 
conjugated mouse IgG isotype antigen and the second was SERS probe conjugated to human 
serum albumin. Both control conditions showed negligible light scattering while the anti-mouse 
SERS probes showed noticeable absorption at the LSPR peak wavelength. Light scattering and 
absorption from the SERS probes proved to be a valuable technique for the detection of direct 
immunochemical binding and has applications for direct cell labeling applications. 
 
  
 Figure 5.15 Anti-Mouse SERS Probe Immunoassay. The LSPR peak intensities of anti-
 mouse SERS probes were plotted over a large concentration range. The SERS probe 
 concentration can be related to the absorbance at the LSPR peak position (536nm). Both 
 mouse IgG and human serum albumin SERS probes were used as a control condition. 
 Both controls showed negligible light scattering across the entire concentration range. 
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 To detect the inelastic light scattering from gold nanoparticle immunoassay, Raman 
spectra were collected using a 3-second acquisition time and 40mW incident laser power. The 
resulting Raman spectra in Figure 5.16 show peaks that correspond to vibrational modes of both 
DTTC iodide and polystyrene. The height and spectral area of the DTTC peaks at 493 cm-1 and 
508 cm-1 can be correlated to the concentration of SERS probe added to the solution, see Figure 
5.17. On the other hand, the height of the polystyrene peaks at 1002 cm-1 and 1032 cm-1 are 
constant for all Raman spectra.  
 
 Figure 5.16 SERS Probe Immunoassay Measured Using Raman Spectroscopy. The 
 spectral area of the peaks at 493 cm-1 and 508 cm-1 can be correlated to the amount 
 of SERS probe nanoparticle added to each well of the immunoassay, while the 
 polystyrene peaks at 1002 cm-1 and 1032 cm-1 are constant for all immunoassay wells. 
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 Figure 5.17 Calibration plot of a SERS Probe Immunoassay Measured With Raman. 
 There is a non-linear relationship between the concentration of SERS probe antibody 
 added to the assay and the resulting spectral area of the DTTC peak. This relationship is 
 consistent with binding site limited antibody adhesion seen with high concentrations of 
 secondary antibody.  
 
 This assay demonstrates the multiplexing capabilities of SERS-based techniques, since 
the DTTC iodide SERS probes and the polystyrene plate surface were both detected 
simultaneously. With future development, this assay could be used to quantify multiple uniquely 
labeled SERS probes that are each designed to target a specific biomarker. This method for 
multiplex biomarker quantification can be used for sensitive and specific molecular detection 
within a very narrow spectral range and has applications for the sensitive detection of B-cell 
surface markers. 
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5.4 Conclusion 
 The successful development and testing of SERS probe nanoparticles for the detection 
of molecular biomarkers has been demonstrated. These probes were fabricated using step-by-
step characterization methods to ensure that a balance was maintained between protein 
stability and nanoparticle aggregation state. A NIR Raman reporter (DTTC) was bound to the 
SERS probe nanoparticle surface for specific and sensitive recognition. These probes were 
stabilized with a PEG surface layer and were tested for robustness. Once fabricated and tested, 
these SERS probes were used in the development of a SERS-based immunoassay. This assay was 
used for the direct detection of molecular biomarkers bound to the surface of a polystyrene 
microplate. The SERS probe signals were detected using both UV/Vis spectroscopy and Raman 
spectroscopy. Using both methods, the SERS probe signal was correlated to the concentration of 
SERS probe added to the immunoassay. This method is a novel technique for the testing of SERS 
probe nanoparticles and shows sensitive results for specific biomarker detection.  More 
information about the experiments and concepts discussed in Chapter 5 can be found in a 
journal article that is currently under review by the Journal of Biological Engineering.  
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CHAPTER 6  
CONCLUSION AND FUTURE WORK 
6.1 Conclusion 
 Surface-enhanced Raman spectroscopy (SERS) is a valuable analytical technique for the 
simultaneous detection of multiple biomarkers. The detection of multiple biomarkers is 
specifically important for treatment of B-cell malignancies such as leukemia, myeloma, and 
lymphoma. The effective treatment of these lymphoproliferative disorders requires targeted 
immunophenotyping. Successful immunophenotyping can require the simultaneous detection of 
up to 20 different cell surface markers (CSM). Traditional methods for biomarker detection are 
not capable of the simultaneous detection of such large numbers of CSMs. This thesis explored 
methods for the development of SERS probe nanoparticles for the detection of biomarkers, as a 
potential solution for increased multiplex biomarker detection.  
 Before the development of these SERS probe nanoparticles, an appropriate Raman 
system was required. Several commercial Raman instruments were evaluated based on the 
factors of excitation wavelength, spectral resolution, spectral range, and system sensitivity. In 
the process of evaluating these systems, a sensitive SERS substrate was developed based on the 
galvanic displacement of sliver nitrate onto a copper surface. In addition, a demonstration of the 
multiplexing capabilities of Raman spectroscopy was performed using mixtures of different 
solvents. After system evaluation two Raman systems were selected, a Renishaw InVia Raman 
microscope with a 633nm excitation source, and a custom Raman microscope system with a 
785nm excitation source. 
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 To complete the custom Raman microscope system a Nikon TE2000 inverted 
microscope was modified for Raman based detection. As part of this modification, a 785nm 
single mode laser was coupled to the microscope through a laser entry port. Laser light was 
scattered off the sample in a backscattering configuration. Removal of the Rayleigh scattering 
occurred using a series of long-pass filters that effectively reduced the laser scattering signal so 
that weak Raman scattering could be observed. The Raman scattered light was dispersed and 
imaged using a Princeton Instruments Isoplane 160 spectrometer and PIXIS 400 Detector. This 
Raman microscope was successfully used for sensitive Raman and SERS measurements. 
Subsequent experiments with SERS probe nanoparticle were performed with this system. 
 Using the custom 785nm Raman microscope and other characterization methods, SERS 
probe nanoparticles were fabricated and tested. Initial characterization of unconjugated SERS 
probes was used to develop a protocol to produce SERS probes that are robust and produce a 
strong and consistent signal. Conjugation of polyclonal antibodies to the probe surface enabled 
the specific detection of IgG biomarkers bound to the surface of a polystyrene microplate. This 
detection schema shows promise for multiplex biomarker analysis.  It also illustrates a 
fabrication method that could be employed for the targeted detection of multiple CSMs 
commonly found in B-cell malignancies. 
6.2 Engineering Significance 
 The development of a SERS-based immunoassay using a polystyrene microplate 
substrate is a novel technique with process engineering applications. Polystyrene microplates 
are commonly used in traditional immunoassays, but are rarely used with Raman spectroscopy 
because polystyrene produces strong Raman peaks. This thesis demonstrates that by optimizing 
the Raman reporter molecule, a sensitive SERS-based immunoassay can be developed using a 
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polystyrene substrate. Significant infrastructure has been developed in the immunoassay 
industry for 96-well and 384-well polystyrene microplates including machinery to automate the 
immunoassay process. The use of polystyrene plates for SERS-based biomarker detection can 
enable the simultaneous detection of multiple proteins while using the existing infrastructure 
that has been developed for traditional immunoassays.  
6.3 Future Work 
 The development of this SERS-based immunoassay provides a platform for testing and 
optimization of SERS probe nanoparticles and targeting of more unique antigens. Possible future 
experiments may demonstrate the actual targeting of a B-cell biomarker. An approach to the 
experimental plan for this assay uses the CD20 antigen, a B-cell biomarker. The CD20 antigen 
with a Glutathione S-transferases (GST) protein tag could be bound to an immunoassay plate 
that has been coated with glutathione. The GST-glutathione interaction is an incomplete 
enzymatic reaction that causes binding of the CD20 protein to the immunoassay plate without 
disrupting the CD20 antibody-binding site. After CD20 antigen binding, a mouse monoclonal 
anti-CD20 antibody could be added to the immunoassay for specific targeting of the CD20 
antigen. Following anti-CD20 binding, anti-mouse SERS probes could be added for SERS-based 
detection of CD20. Figure 6.1, illustrates the proposed experimental design for this assay.  
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 Figure 6.1 CD20 SERS Immunoassay. Proposed SERS immunoassays design for the 
 detection of CD20 a B-cell biomarker. The CD20 antigen is bound to the polystyrene 
 plate surface through an incomplete enzymatic reaction of the GST enzyme with 
 immobilized gluthathione. Detection of the CD20 antigen may be achieved through 
 binding of an anti-CD20 antibody followed by an anti-mouse SERS probe secondary 
 antibody. 
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APPENDIX A 
 
SUPPLEMENTARY FIGURES 
 
 
 Figure A1: Princeton Instruments Grating Profile. The quantum efficiency of the grating 
 used in the Raman microscope design is presented for several grating blaze angles; a 
 750 nm blaze grating was used in the custom Raman microscope design. Grating 
 efficiency data was obtained using the Princeton Instruments grating dispersion 
 calculator [179]. 
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